Investigating gait characteristics and dynamic stability during challenging walking by Madehkhaksar, Forough
 
 
 
Doctoral thesis submitted to 
the Faculty of Behavioural and Cultural Studies 
Heidelberg University  
 in partial fulfillment of the requirements of the degree of 
Doctor of Philosophy (Dr. phil.) 
in Sport Science 
 
 
 
 
 
Title of the publication-based thesis 
Investigating gait characteristics and dynamic stability during challenging 
walking 
 
 
 
 
 
 
 
 
 
 
presented by  
Forough Madehkhaksar 
 
 
year of submission 
2018 
 
 
 
 
Dean: Prof. Dr. Dirk Hagemann 
Advisor: Dr. Michael Schwenk 
                    Prof. Dr. Clemens Becker 
 
 
 
 i 
 
 
 
Dedication  
 
To my parents 
By the unconditional love and support. 
     
 ii 
 
Acknowledgments 
 
I would like to thank Dr. Michael Schwenk who offered me this chance to complete my Ph.D. 
degree at Heidelberg University. I would also like to especially thank Prof. Becker and Dr. 
Karin Srulijes for their encouragement and support. I could never complete my thesis without 
access to their data and the lab. 
I would like to especially thank Prof. Meusburger, whose memory is always alive in my heart, 
and all staff from Heidelberg University Graduate Academy for their valuable support during 
my hard times.  
I would like to acknowledge members of the research group at the Department of Clinical 
Gerontology and Rehabilitation of Robert-Bosch hospital in Stuttgart, especially Dr. Jochen 
Klenk and Kim Sczuka for their feedback, data, collaboration, encouragement, and support. I 
would also like to thank Katharina Gordt, who was my best officemate ever, for her 
collaboration.  
Last but not least, I would like to thank my family (my parents, Peyman, and Nadia) and my 
friends for their unconditional love and emotional support. I would also like to thank Dorothee, 
Malou, and Kreutzer family who never let me alone by their emotional support when I was far 
away from my family. 
 
  
 iii 
 
Table of Contents 
Contents Page number 
Abstract ⅴ 
List of publications  ⅶ 
List of main abbreviations  ⅷ 
List of Figures ⅸ 
List of Equations ⅸ 
1 Introduction 1 
 1.1 General introduction ………………………………………………………. 1 
 1.2 Literature review ………………………………………………………….. 7 
2 Objectives 12 
3 Overview of publications and findings 14 
 3.1 Manuscript 1. Effect of Dual Task Type on Gait and Dynamic Stability 
during Stair Negotiation at Different Inclinations ………………………… 
    
14 
 3.2 Manuscript 2. The effects of unexpected mechanical perturbations during 
treadmill walking on spatiotemporal gait parameters, and the dynamic 
stability measures by which to quantify postural response ……………….. 
              
17  
 3.3 Manuscript 3. Effect of Gaze-Shifting on Gait Characteristics during 
Treadmill Walking in Healthy Young and Older adults ………………….. 
    
20 
4 General discussion and conclusions 24 
 4.1 Task-dependent adaptive strategy ………………………………………… 24 
 4.2 Measures to quantify postural responses ………………………………….. 25 
 4.3 Effects of age ……………………………………………………………… 27 
 Bibliography 29 
 Erklärung gemäß § 8 Abs. (1) c) und d) der Promotionsordnung der 
Fakultät für Verhaltens- und Empirische Kulturwissenschaften  
36 
 iv 
 
 Attachments: Manuscripts for the publication-based dissertation  
 Manuscript 1……………………………………………………………………… 37 
 Manuscript 2 ……………………………………………………………………... 43 
 Manuscript 3 ……………………………………………………………………... 58 
 
  
 v 
 
Abstract 
Fall is a leading cause of injuries in older adults, which mostly occurs during walking and under 
a challenging condition. Examples of challenging conditions are an unexpected perturbed 
walking, stair walking, or walking while positional transitions. A better understanding of 
postural control to maintain balance during similar tasks can help in reducing the risk of fall. 
For this aim, one approach is to examine the effects of the challenged walking on gait stability. 
This dissertation consists of three studies focusing on postural responses under four different 
challenging circumstances including 1) walking while performing a manual and a cognitive 
secondary task, 2) stair walking at different inclinations (i.e. different levels of complexity), 3) 
sudden mechanically perturbed walking, and 4) gaze-shift walking. Firstly, the postural 
responses of healthy adults under the mentioned conditions were assessed. Secondly, different 
representative measures in order to quantify balance during perturbed walking were evaluated. 
Thirdly, the postural responses of young and old healthy adults during walking while gaze-
shifting in terms of gait parameters and their variability were contrasted. 
The first study examined how secondary cognitive and manual tasks interfere with stair gait 
when a person concurrently performed tasks at different levels of complexity. Gait kinematic 
data and secondary task performance measures were obtained from fifteen healthy young males 
while ascending and descending a four-step staircase at three inclinations (17.7°, 29.4°, and 
41.5°) as well as level walking. They performed a cognitive task, ‘backward digit recall’, a 
manual task, ‘carrying a cup of water’ and a combination of the two tasks. Gait performance 
and dynamic stability were assessed by gait speed and whole body center of mass (CoM) range 
of motion in the medial-lateral direction, respectively. No significant effect of the gait task on 
the cognitive task performance was observed. In contrast, stair walking adversely affected the 
performance of the manual task compared to level walking. Overall, more difficult postural and 
secondary tasks resulted in a decrease in gait speed and variation in CoM displacement within 
a normal range. Results suggest that CoM displacement and gait alterations might be adopted 
to enhance the stability, and optimize the secondary task performance while walking under 
challenging circumstances. The findings of this study are useful for balance and gait evaluation, 
and for future falls prediction. 
The second study examined changes in spatiotemporal gait and stability parameters in response 
to sudden mechanical perturbations in mediolateral (ML) and anterior-posterior (AP) direction 
during treadmill walking. Moreover, the most representative parameters to quantify postural 
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recovery responses were evaluated. Ten healthy adults (mean=26.4, SD=4.1 years) walked on 
a treadmill that provided unexpected discrete ML and AP surface horizontal perturbations. 
Participants walked under no perturbation (normal walking), and under left, right, forward, and 
backward sudden mechanical perturbation conditions. Gait parameters were computed 
including stride length (SL), step width (SW), and cadence, as well as dynamic stability in AP- 
(MoS-AP) and ML- (MoS-ML) directions. Gait and stability parameters were quantified by 
means, variability, and extreme values. Overall, participants walked with a shorter stride length, 
a wider step width, and a higher cadence during perturbed walking, but despite this, the effect 
of perturbations on means of SW and MoS-ML was not statistically significant. These effects 
were found to be significantly greater when the perturbations were applied toward the ML-
direction. Variabilities, as well as extremes of gait-related parameters, showed strong responses 
to the perturbations. The higher variability as a response to perturbations might be an indicator 
of instability and fall risk, on the same note, an adaptation strategy and beneficial to recover 
balance. Parameters identified in this study may represent useful indicators of locomotor 
adaptation to successfully compensate sudden mechanical perturbation during walking.  
The third study was aimed to determine the gait characteristics of healthy young and older 
adults during gaze-shifting while treadmill-walking. Eleven young (age: 25 ± 4.5 years, 3 
females) and 13 older (age: 72 ± 3.9 years, 6 females) adults performed normal treadmill-
walking (no visual-triggers) and then treadmill-walking while rapidly gaze-shifting to randomly 
presented visual-triggers. A multilevel linear regression model was used to assess changes in a 
set of gait parameters between subject groups and walking conditions: normal walking, one gait 
cycle before (Pre-Cycle), and after (Post-Cycle) each triggering during gaze-shift walking. 
Comparing Pre-Cycle to normal walking, young adults showed no instability-related changes 
in their gait but older adults showed a more cautious gait with shorter step length (Est. = -
1.59cm [95% CI: -2.2cm; -0.9cm]), reduced step width (Est. = -0.8cm [95% CI: -1.1cm; -
0.6cm]), increased step frequency (Est. = 0.04 1/s [95% CI: 0.03 1/s; 0.05 1/s]), decreased 
maximum toe clearance (Est. = -0.3cm [95% CI: -0.4cm; -0.2cm]), and 30% higher minimum 
toe clearance variability. During Post-Cycle compared to Pre-Cycle, direct effects of gaze-shifts 
on gait parameters were significant but rather small. This experiment shows an influence of 
gaze-shifts on gait in both groups, although, the effect is larger in the older which might 
therefore need more compensation compared to the young adults. Present insights may facilitate 
the development of specific training paradigms to improve the oculomotor-locomotor 
interaction.   
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1. Introduction 
 
1.1. General introduction 
Fall is a leading cause of injuries in older adults, affecting approximately one-third of adults 
over the age of 65 years (Hausdorff, Rios, & Edelberg, 2001), which can result in morbidity, 
reduced the functional ability and even death (Prince, Corriveau, Hébert, & Winter, 1997). 
Most falls occur during walking (Berg, Alessio, Mills, & Tong, 1997) and following an 
unexpected perturbation such as slip or trip (Maki et al., 2008), during stair walking (Startzell, 
Owens, Mulfinger, & Cavanagh, 2000; Stel, Smit, Pluijm, & Lips, 2004), or during positional 
transitions, such as turning around or bending over (Cumming & Klineberg, 1994). Therefore, 
a better understanding of postural control to maintain balance and the effect of aging on these 
mechanisms during similar tasks is needed.  
During gait, falls occur as a result of a complex interaction between numerous environmental 
hazards (e.g. uneven surface) and individual factors and sources (e.g., neuromuscular decline 
due to aging). Thus, the probability of falling depends not only on the individual’s neuro-
musculoskeletal capacity but also on external factors such as the type of challenge encountered 
in daily life. 
One approach to obtaining a better understanding of postural responses under challenging 
circumstances is to examine the effects of the challenge on gait stability. There have been a 
variety of measures to quantify postural responses in these cases. Some studies investigated 
gait adaptation in terms of changes in spatiotemporal gait parameters and their variability to 
examine whether these responses could serve the purpose of decreasing the risk of fall (Brach, 
Berlin, VanSwearingen, Newman, & Studenski, 2005; Brach, Studenski, Perera, 
VanSwearingen, & Newman, 2008; Hak, Houdijk, Beek, & van Dieen, 2013; Hak et al., 2012; 
Maki, 1997). Also, several studies have investigated the effects of these changes on reducing 
fall risk by examining their effects on gait stability (Brady, Peters, & Bloomberg, 2009; J. 
Dingwell, Cusumano, Cavanagh, & Sternad, 2001; J. B. Dingwell, Robb, Troy, & Grabiner, 
2008; England & Granata, 2007; Francis, Franz, O’Connor, & Thelen, 2015; Kao, Higginson, 
Seymour, Kamerdze, & Higginson, 2015; McAndrew, Dingwell, & Wilken, 2010; Süptitz, 
Catalá, Brüggemann, & Karamanidis, 2013). There are several methods to assess dynamic 
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stability. In the literature, the margins of stability, which is a measure of stability based on the 
dynamical model of human movement, has been used to provide information on gait stability 
(Hak et al., 2013; A. Hof, Gazendam, & Sinke, 2005; A. L. Hof, 2008; Süptitz et al., 2013; 
Young, Wilken, & Dingwell, 2012).  
This dissertation uses the most common measures to quantify postural responses including 
changes in spatiotemporal gait parameters and their variability, trunk movement, and margins 
of stability. Hence, a brief description of each method is presented. Then, a brief review of 
challenging walking conditions which were studied in this thesis are presented. 
 
Gait parameters 
Spatiotemporal gait parameters that can be measured with simple instrumentations provide 
valuable information for identifying individuals at a risk of falling. Figure 1 schematically 
illustrates spatiotemporal gait parameters. Spatial parameters are step length and step width, 
while temporal parameters include cadence, step frequency, stride time, swing, and double 
support time. Minimum toe clearance (Min-TC) is also a gait parameter which is a critical event 
in gait as the foot travels with maximum horizontal velocity around this instant. Figure 2 shows 
toe clearance during the swing phase of a gait cycle. A low Min-TC combined with high 
variability of Min-TC can potentially cause tripping during walking (Begg, Best, Dell’Oro, & 
Taylor, 2007).  
Gait parameters have been extensively used to characterize gait between different subjects 
groups and during different walking conditions (Tay et al., 2016). Previous studies 
demonstrated adaptations of spatiotemporal gait parameters to challenged walking by taking 
faster, shorter, and wider steps (Hak et al., 2013; Hak et al., 2012; McAndrew et al., 2010; 
Stokes, Thompson, & Franz, 2017; Tay et al., 2016). Also, elevating MTC or reducing MTC 
variability is reported as an adaptation to reduce tripping risk (Begg et al., 2007). 
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Figure 1. Schematic illustration of (A) temporal and (B) spatial gait parameters.  
 
 
Figure 2. Toe clearance which is defined as the vertical position of toe during the swing phase 
of a gait cycle. 
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Gait variability 
Variability, defined as the variance of a gait parameter around the mean, is an important 
indicator to quantify unstable gait patterns (Heiderscheit, 2000). In fact, gait variability is 
fluctuation in gait characteristics from one step to the next and a broad range of variability 
measures has been reported in the literature (Brach et al., 2005; J. Dingwell et al., 2001; 
Hausdorff, 2007; Hausdorff et al., 2001; Maki, 1997; Toebes, Hoozemans, Furrer, Dekker, & 
van Dieën, 2012). Generally, increased gait variability is associated with increased the risk of 
fall (Heiderscheit, 2000; Toebes et al., 2012), therefore, it has been used as an indicator of 
impaired mobility in older adults (Brach et al., 2008).  
In this dissertation, variability is referred to the amount of variability of a specific parameter 
over gait cycles during walking. Variability of specific parameters includes variability of 
spatiotemporal gait parameters such as stride length, step width, and cadence.  
Variability measures are often based on the standard deviation of a gait parameter. There are 
two major methods to calculate gait variability depending on the type of the gait parameter 
(i.e., discrete gait parameters or continuous gait parameters). For discrete gait parameters such 
as step width and cadence, the variability is usually calculated as the standard deviation over 
the entire data series of the values (Francis et al., 2015; McAndrew et al., 2010; Young et al., 
2012). For continuous gait parameters such as acceleration time series, every stride is first time 
normalized (0-100%) (J. Dingwell et al., 2001; J. B. Dingwell et al., 2008; Toebes et al., 2012). 
The variability is then calculated as the standard deviation for each normalized time interval. 
The mean or sum of standard deviation over these 101 values is often used for further analyses. 
In this method, variability is usually calculated on velocity or acceleration time series, as it is 
important that data are stationary. 
 
Trunk Movement 
Maintaining the dynamic stability during gait relies on the ability to control CoM motion. Thus, 
measurement of CoM range of motion (RoM) is useful to provide a more accurate description 
of body movement in different planes and also provides insight into dynamic balance control 
mechanism during gait.  
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Particularly, increasing changes of CoM motions in mediolateral (ML) direction (i.e. ML-
RoM) which is defined as the maximum minus minimum value achieved during the crossing 
stride has been used as an indicator for risk of fall. ML-RoM changes, which are thought to 
possibly be due to a reduced ability to confine the CoM within a more stable region, has been 
used to detect gait instability during stair negotiation (Mian, Narici, Minetti, & Baltzopoulos, 
2007), obstacle crossing (Chou, Kaufman, Brey, & Draganich, 2001; Chou, Kaufman, Hahn, 
& Brey, 2003), and following impairments (Catena, Van Donkelaar, & Chou, 2007). 
 
Margins of stability 
Human standing is often biomechanically modeled using the inverted pendulum model as a 
simple mechanical system. In this model, stability is maintained as long as the projection of 
the center of mass (CoM) falls within the horizontal boundaries of the base of support (BoS). 
However, this simple model cannot be applied to walking, as walking is not static. Thus, this 
model needs to be extended to take the velocity of the CoM and BoS into account. 
The margins of stability (MoS) proposed by Hof (A. Hof et al., 2005) is a stability measure that 
addresses this limitation and can appropriately be applied to dynamic tasks like walking.  
The MoS is defined as the distance between the extrapolated center of mass (XCoM) and the 
border of the BoS at any instant in time. The XCoM which is a velocity adjusted position of 
the CoM extends the classical condition for static equilibrium for an inverted pendulum, in 
which the CoM must be positioned over the BoS by adding a linear function of the CoM to the 
CoM positions.  
In order to calculate the MoS, first, the position of the whole body CoM and BoS need to be 
known. Then, XCoM is defined as: 
XCoM = CoM + ൫(𝑉஼௢ெ)/𝜔଴൯, (1) 
where CoM is the CoM location, 𝑉஼௢ெ is the CoM velocity, and 𝜔଴ is the inverted pendulum’s 
eigenfrequency which is calculated as: 
𝜔଴ = ට
𝑔
𝑙ൗ  , 
(2) 
where g is the acceleration of gravity and l is the pendulum length of the subject (i.e. leg length). 
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Finally, the MoS is defined as: 
MoS = BoS − XCoM , (3) 
where BoS is the location of the boundary of the base of support. Figure 3 schematically 
illustrates MoS. 
The concept of the MoS can be applied to both anteroposterior (AP) and mediolateral (ML) 
directions. If the XCoM is within the boundaries of the BoS (i.e. positive MoS), an individual 
is considered stable. This definition suggests that foot placement can be used to control MoS 
magnitude during walking (A. Hof et al., 2005; A. L. Hof, 2008). Thus, one potential goal of 
walking may be to maintain some minimum MoS. An individual can adjust the size of his BoS 
by making his steps wider or narrower, and longer or shorter depending on the motion of his 
CoM. 
 
 
Figure 3. Schematic illustration of MoS in ML and AP directions which is defined as the 
distance between borders of the BoS and XCoM in corresponding directions.  
 
 
Mean of MoS is often used to demonstrate stability in different experimental conditions. 
However, there are some studies that additionally examined the variability of MoS, suggesting 
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that mean of MoS cannot reflect the effect of fluctuations in the protective foot stepping 
because it only quantifies an individual’s overall, average stability over an entire series of steps 
(Young & Dingwell, 2012; Young et al., 2012). 
 
1.2. Literature review  
Balance control during walking involves a coordinated adjustment in posture by stabilization 
of the head and trunk, as well as foot placement from step to step. During walking, the control 
of trunk movement plays an important role in providing a stable platform for vision and head 
control (Winter, 1995). Particularly in unpredictable and challenging environmental 
conditions, these adjustments depend on the integration of reliable sensory feedback and the 
planning and execution of appropriate postural responses. In daily life, people frequently 
encounter challenging conditions that require proper postural responses in order to maintain 
balance. Accordingly, the number of studies that address mechanisms underlying balance 
control under challenging circumstances are increasing. Examples of these challenges are stair 
walking, dual task walking, mechanical and sensory perturbations during walking, as well as 
the execution of tasks which affect stabilization of the head such as gaze-shifting.  
Results of previous studies suggest an alteration in gait parameters under challenging 
conditions. It has been suggested that there is a relation between changing gait characteristic 
and stability, and the aim of this changes is increasing stability and decreasing the probability 
of falling (Hak et al., 2013; Hak et al., 2012; Young & Dingwell, 2012).  
In general, healthy adults adapt their stable gait by reducing walking speed, shortening step 
length, and increasing step width. Also, the variability of a number of parameters has been 
reported to increase during challenging conditions (Francis et al., 2015; Hak et al., 2012; Stokes 
et al., 2017). However, most of the previous studies resulted in inconsistent findings, 
suggesting that changes in gait parameters and their variabilities, as well as stability measures 
depend on the type of the challenge under which the walking is being performed. 
In addition, the role of variability and different stability measures during different tasks and 
walking conditions seem contradictory and not yet well understood. High gait variability is 
suggested as a good predictor of the risk of fall (Toebes et al., 2012). However, under 
challenging circumstances such as responding to perturbations, increased variability might also 
result directly from the challenging condition such as perturbations. In this case, increased 
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variability is a sign of adaptability as a proper response and does not necessarily imply 
destabilization of the system (Bruijn, Bregman, Meijer, Beek, & van Dieën, 2012; McAndrew 
et al., 2010). Therefore, there is a need to clearly understand how different specific challenging 
environments affect gait variability and stability to be able to contrast the proper with the 
improper response. 
Moreover, increased age often brings reductions in the stability of the head (Cinelli, Patla, & 
Stuart, 2008; C. Paquette, Paquet, & Fung, 2006), sensory acuity (Li & Lindenberger, 2002), 
muscle strength (Goodpaster et al., 2006), and cognitive capacity (Li & Lindenberger, 2002; 
Yogev‐Seligmann, Hausdorff, & Giladi, 2008), as well as slowed neuromuscular function 
(Vandervoort, 2002) and diminished executive function (Yogev‐Seligmann et al., 2008). 
Consequently, aging affects the ability to maintain balance and it is more profound under 
challenging conditions (C. Paquette et al., 2006). Older adults seem to adopt a more 
conservative walking pattern characterized by a slower walking velocity, shorter and wider 
steps, greater base of support, prolonged double support phase, and more variable gait step 
characteristics (Lord & Dayhew, 2001; Maki, 1997). It is generally assumed that these changes 
lead to an increased instability during walking and may predict the increased risk of falling 
(Lord & Dayhew, 2001; Maki, 1997). There is a critical need to conduct studies that address 
physiological changes associated with aging under challenging conditions in order to truly 
reduce the risk of falling. To this aim, normal healthy responses of young adults need to be 
examined. Then, the responses of older adults under the same condition should be examined 
and compared with normal responses in order to observe age-related differences in used 
adaptive responses.  
The task-dependence of postural responses needs to be taken into account in order to obtain a 
better insight into proper postural responses. Investigating balance and postural responses 
under different challenging conditions that people may encounter frequently in daily life may 
be helpful in better understanding of mechanisms underlying postural responses and the risk of 
fall under specific conditions. 
Walking while dual-tasking is a challenging condition that people experience in daily life. 
Previous studies suggest that the control of balance requires attentional resources, and 
challenging attention-splitting conditions (i.e. dual-tasking) strongly affect stability 
(Woollacott & Shumway-Cook, 2002; Yogev‐Seligmann et al., 2008). Two different types of 
secondary tasks, a cognitive task and a manual task, have been used in dual-task studies (Asai, 
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Misu, Doi, Yamada, & Ando, 2014; Woollacott & Shumway-Cook, 2002; Yogev‐Seligmann 
et al., 2008). It has been reported that undertaking a secondary cognitive task adversely affects 
gait depending on the task complexity, the population studied and the instruction given 
regarding attention prioritization (Kelly, Janke, & Shumway-Cook, 2010; Patel, Lamar, & 
Bhatt, 2014; Simoni et al., 2013; Woollacott & Shumway-Cook, 2002). Performing a cognitive 
task affected gait patterns and trunk movements by reducing gait speed, increasing gait 
variability, and increasing fluctuation of trunk movements (Asai et al., 2014; Yogev‐Seligmann 
et al., 2008). However, a manual task, like carrying an object, is used less often than a cognitive 
task in dual-task studies (Asai et al., 2014; de Lima, de Azevedo Neto, & Teixeira, 2010; 
Yogev‐Seligmann et al., 2008). Some studies reported that a manual task, similarly to a 
cognitive task, adversely affects gait performance (Yogev‐Seligmann et al., 2008). However, 
in another study, Asai et al. (Asai et al., 2014) showed that performing a cognitive task during 
walking increased lower trunk oscillations in ML direction, whereas, performing a manual task 
decreased trunk oscillations in the ML and AP directions. In this case, a secondary manual task 
may lead to extra stabilization rather than perturbation of posture (Asai et al., 2014; de Lima et 
al., 2010). Therefore, there is a need to investigate the effect of different types of secondary 
tasks on gait and stability, since the results of previous studies seem contradictory. 
As another challenging walking condition, stair gait is among the most challenging and 
hazardous types of locomotion, and one of the leading cause of fall-related injuries for the aged 
population (Startzell et al., 2000; Stel et al., 2004). Stair walking involves greater peak joint 
moments for ankle and knee joints compared with level walking (Reeves, Spanjaard, 
Mohagheghi, Baltzopoulos, & Maganaris, 2008, 2009; Riener, Rabuffetti, & Frigo, 2002). 
Furthermore, previous studies showed that gait parameters vary based on stair inclination 
(Riener et al., 2002; Stacoff, Diezi, Luder, Stüssi, & Kramers-de Quervain, 2005) suggesting 
different levels of complexity of stair gait at different inclinations. These findings show a 
higher challenge during walking on a stair at steeper inclinations. 
The risk of fall during stair walking further increases when people perform tasks like reasoning 
or carrying an object concurrently (Ojha, Kern, Lin, & Winstein, 2009; Vallabhajosula, Tan, 
Mukherjee, Davidson, & Stergiou, 2015). There is little information about dual-tasking during 
stair walking. Ojha et al. (Ojha et al., 2009) compared the attentional demands of ascending 
and descending a set of stairs in older and younger adults. They demonstrated that although 
both older and younger adults required similar attentional resources for the standing task, older 
adults required significantly more resources while performing stair gait concurrently with a 
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verbal task. In another study, Vallabhajosula et al. (Vallabhajosula et al., 2015) showed that 
the impact of performing a cognitive or manual task during stair ascent varies based on the stair 
ascent phase and seem to have greater impact as one climbs higher. Also, they reported that the 
association between gait and secondary task performance becomes stronger as the level of 
complexity of the motor task increases. Their study did not include stair descent. However, 
stair descent is also important to be taken into account, since it has been reported as the most 
hazardous aspect of stair gait (Startzell et al., 2000). Although in daily life, people regularly 
encounter stairs at varying inclinations and concurrently perform additional tasks, there is a 
lack of study on the effect of different types of secondary tasks during such complex gait 
condition.  
Mechanical and sensory perturbations during walking are another walking condition with high 
risk of fall that people frequently encounter in daily life. In the literature, there are several 
studies that investigated postural responses following different types of perturbations such as 
sudden mechanical perturbations (Süptitz et al., 2013), visual perturbations (Francis et al., 
2015; O'Connor & Kuo, 2009; Stokes et al., 2017), continuous support surface perturbations 
(Brady et al., 2009; Hak et al., 2012), and combinations of visual and support surface 
perturbations (McAndrew et al., 2010). Their findings demonstrate that each of these 
perturbations affects gait and stability in different ways, depending not only on the individual 
characteristics of the subject group and the type of the perturbation but also on the direction of 
the perturbations (Brady et al., 2009; Kuo, 1999; McAndrew et al., 2010; O'Connor & Kuo, 
2009). Studies on the effect of continuous support surface perturbation (McAndrew et al., 
2010) and visual field perturbation (O'Connor & Kuo, 2009) in both AP and ML directions 
show anisotropic changes in gait variabilities. Despite that perturbations in the real world are 
multidirectional and always unexpected, there is a lack of information on the effects of sudden 
multidirectional mechanical perturbation on gait-related parameters and dynamic stability.  
As another challenging walking condition, walking while gaze shifting is also a common 
activity in daily life. Gaze is the direction of sight within the world frame of reference. With a 
gaze shift the world object’s image coordinates on the retina change within the retinal frame of 
reference. Shifting gaze during walking in a natural environment is performed constantly (e.g. 
observing surrounding or to scan the pathway for obstacles) and may lead to alterations in gait 
and increased fall risk, especially in older adults (Cinelli et al., 2008). Previous studies 
examined adaptive strategies during performing tasks that are accompanied with 
destabilization of the head, such as, during a visually guided change in travel direction 
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(Hollands, Sorensen, & Patla, 2001), in stepping performance during removal of vision 
(Chapman & Hollands, 2006), or to avoid an obstacle (M. R. Paquette & Vallis, 2010). 
However, there are a limited number of studies on adaptive strategies during walking while 
gaze-shifting. Their findings suggest different strategies in coordinating body during this task 
between young and old adults. Old adults minimize the amount and the velocity of head and 
body rotation to minimize postural perturbations associated with this task (C. Paquette et al., 
2006). Variability in the shoulder and hip rotation magnitudes are greater in older adults during 
gaze-shifting walking (Cinelli, Patla, & Stuart, 2007; Cinelli et al., 2008). However, these 
studies did not include the effect of gaze-shifting on gait characteristics. Despite the highly 
ecological validity of walking while gaze-shifting in daily life, there is a lack of information 
on adaptive responses in terms of changes in gait parameters and gait variability during this 
task. 
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2. Objectives 
 
This dissertation consists of a collection of three studies which are already published or 
submitted. These studies focus on postural responses under four different challenging 
circumstances including 1) walking while performing a manual and a cognitive secondary task, 
2) stair walking at different inclinations (i.e. different levels of complexity), 3) sudden 
mechanically perturbed walking, and 4) gaze-shift walking. Hence, the first aim was to assess 
the postural responses of healthy adults under mentioned conditions. The second aim was to 
evaluate different representative measures in order to quantify balance during perturbed 
walking. The third aim was to contrast the postural responses of young and old healthy adults 
during walking while gaze-shifting in terms of gait parameters and their variability.  
 
Manuscript 1 
Investigating the effect dual-task type and inclination of stair on gait and 
dual-task performance during stair walking. 
This study examined how secondary cognitive and manual tasks interfere with stair gait at 
different inclinations when a person concurrently performed tasks at different levels of 
complexity.  
 
Manuscript 2  
Investigating the effect of unexpected multidirectional mechanical 
perturbations on gait characteristics and dynamic stability during treadmill 
walking in healthy young adults. 
The first aim of this study was to examine the postural responses of healthy young adults to 
unexpected multidirectional mechanical perturbations during treadmill walking. The second 
aim was to evaluate the most affected parameters for measuring the effect of unexpected 
mechanical perturbations on postural adaptation.  
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Manuscript 3  
Investigating the effect of gaze-shifting during treadmill walking on gait 
characteristics in healthy younger and older adults. 
The aim of this study was to determine the gait characteristics and their variabilities as an 
adaptive strategy used by healthy young and old individuals during walking while gaze-
shifting. In addition, the adaptive strategy used by young and old individuals was compared in 
order to examine the age-related changes in gait pattern corresponding to the task. To this aim, 
a part of the experiment which is given by Srulijes et al. (Srulijes et al., 2015) has been used in 
this study.  
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3. Overview of publications and findings 
 
3.1. Manuscript 1  
Effect of Dual Task Type on Gait and Dynamic Stability during 
Stair Negotiation at Different Inclinations 
Madehkhaksar, F., & Egges, A. (2016). Effect of dual task type on gait and dynamic 
stability during stair negotiation at different inclinations. Gait & posture, 43, 114-119.  
DOI: https://doi.org/10.1016/j.gaitpost.2015.09.009 
 
Background and objectives 
Stair gait is among the most challenging and hazardous types of locomotion, and one of the 
leading causes of fall-related injuries for the aged population. The risk of fall further increases 
when people perform tasks like reasoning or carrying an object concurrently with stair gait. 
Previous studies have reported that undertaking a secondary cognitive task adversely affects 
gait depending on the task complexity, the population studied and the instruction given 
regarding attention prioritization (Kelly et al., 2010; Patel et al., 2014; Simoni et al., 2013). 
However, a manual task, like carrying an object, is used less often in dual-task studies and 
reported results are contradictory.  
In addition, despite that people regularly encounter stairs at varying inclinations and 
concurrently perform additional tasks in daily life, little is understood about dual-tasking during 
stair gait. Previous studies showed gait and secondary task performance are more strongly 
associated if the gait task is more challenging (Vallabhajosula et al., 2015). On the other hand, 
gait parameters vary based on stair inclination suggesting different levels of complexity of stair 
gait at different inclinations (Riener et al., 2002; Stacoff et al., 2005). Therefore, there was a 
need to investigate the manual and cognitive dual-task performance during a complex gait task 
such as stair gait at different inclinations. 
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In this study, the interference of gait task and secondary cognitive and manual task during stair 
gait at different inclinations was investigated. The aim was to examine postural responses of 
healthy adults when they performed the gait task and the secondary tasks at different levels of 
complexity of both tasks.  
 
Methods 
Fifteen healthy males (age: 28.5 ± 3.7 years, height: 1.8 ± 0.07 m, mass: 74.6 ± 7.5 kg) 
participated in this study. Participants ascended and descended an adjustable four-step staircase 
at three different inclinations: flat, standard, and steep (17.7°, 29.4°, and 41.5°, respectively). 
They also performed level walking trials, in which they walked straight ahead covering the 
same distance as in the stair walking trials. They performed a cognitive task, ‘backward digit 
recall’ (BDR), a manual task, ‘carrying a cup of water’ (CCW) and a combination of the two 
tasks (BDR&CCW) concurrently with the gait task. In BDR, the experimenter read out a 
sequence of three digit random numbers, and the participants were required to repeat the 
numbers in reverse order in time to the beat. In CCW, participants were required to carry a cup 
of water in their dominant hand while trying to keep it vertical. Also, there was a baseline 
(single gait task) in which no secondary task was performed. Each participant performed three 
stair walks as well as level walking under each testing condition. Kinematic data was recorded 
using a 14-camera Vicon motion capturing system. A total of 35 reflective markers were placed 
at anatomical locations in accordance with the Plug-In-Gait marker set. 
Gait performance and dynamic stability were assessed by gait speed and the whole body center 
of mass range of motion in the medial-lateral direction (ML-RoM), respectively. The 
performance of BDR was quantified by the ratio between the number of correct recalls and the 
total number of three-digit numbers presented in each trial. The performance of CCW was 
quantified by measuring the ratio of deviation of the cup in the vertical direction.  
 
Main findings  
1) The gait task had no effect on the cognitive task performance. In contrast, the manual task 
performance was affected by gait task complexity. This observation suggests that motor 
control tasks have a direct effect on a secondary manual task since the resources for the 
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postural control and the manual task performance are both within the motor control system. 
Performing a manual and cognitive task concurrently had no effect on the secondary task 
performance. 
2) During stair gait, a significant gait speed decrease was observed compared to level walking. 
In addition, gait speed decreased with stair steepness. On the other hand, ML-RoM showed 
an increase during descent. Stair ascent was more challenging than stair descent and level 
walking, which was shown by slower gait speed and higher ML-RoM. However, ML-RoM 
was not significantly affected when ascending the steeper stair, which may represent a 
successful effort to avoid imbalance. Specifically, more caution was taken when stepping 
on a steeper stair. 
3) The type and complexity of the secondary task altered gait performance and ML-RoM. 
Performing a cognitive task resulted in a slightly reduced gait speed. However, when the 
manual task was performed, gait speed reduction was more apparent compared to the 
cognitive task. A manual task shares the same resources as the postural control. Thus, 
performing a manual task had more effect on gait performance. 
4) The manual task exhibited a potential in increased dynamic stability in ML direction 
compared to the cognitive task. During the manual task, subjects were required to 
consciously pay attention to postural control in order to hold the cup straight. This 
observation suggests that the constraint imposed by a more demanding manual component 
of the dual-task interplayed with the postural component, leading to improved body 
stability. 
5) Performing a manual and cognitive task concurrently was the most difficult task and 
resulted in the most conservative gait (i.e. the slowest speed and the highest ML-RoM) in 
all gait tasks, demonstrating higher attentional demands of the secondary task and 
overlapping processing resources. 
6) Overall, more difficult postural and secondary tasks resulted in a decrease in gait speed and 
variation in CoM displacement within a normal range. Results suggest that CoM 
displacement and gait alterations might be adopted to enhance the stability, and optimize 
the secondary task performance while walking under challenging circumstances. 
 
 17 
 
Conclusion 
Compromised ML-RoM and decreased gait speed are a compensation to improve dynamic 
stability and optimize the secondary task performance. The subjects in this study generally 
walked more slowly with alteration in ML-RoM when they were asked to walk and 
concurrently perform another task. The degree of reduction of gait speed and variation in ML-
RoM changed by increasing gait and secondary task complexity. However, mean speeds and 
ML-RoM in all cases remained within normal limits. Variation in ML-RoM within the normal 
range does not necessarily indicate an increased risk of falling. This study suggests that the 
unconscious alteration in gait speed and CoM RoM might be key to avoiding hazards and 
preventing falls and reflects an increase in dynamic gait stability. 
 
3.2. Manuscript 2  
The effects of unexpected mechanical perturbations during 
treadmill walking on spatiotemporal gait parameters, and the 
dynamic stability measures by which to quantify postural 
response 
Madehkhaksar, F., Klenk, J., Sczuka, K., Gordt, K., Melzer, I., & Schwenk, M. (2018). The 
effects of unexpected mechanical perturbations during treadmill walking on spatiotemporal 
gait parameters, and the dynamic stability measures by which to quantify postural response. 
PLoS One, 13(4), e0195902. 
DOI: https://doi.org/10.1371/journal.pone.0195902 
 
Background and objectives 
Most falls occur after a loss of balance while walking, which is the most common activity in 
daily life, and following an unexpected perturbation such as a slip or trip. Previous studies 
showed alteration in gait parameters and dynamic stability during different types of 
perturbations such as continues mechanical and visual perturbations (Hak et al., 2012; Stokes 
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et al., 2017; Süptitz et al., 2013). However, the majority of studies focused on mechanical 
perturbations included perturbations only in the anterior-posterior (AP) or in the mediolateral 
(ML) directions. However, each of these perturbations affects gait and stability in different 
ways, depending not only on the type but also on the direction of the perturbations. Therefore, 
there was a need to study the effect of perturbations on gait-related parameters and dynamic 
stability, which include sudden mechanical surface perturbation in both AP- and ML-
directions. 
In addition, the means of gait characteristic appeared resistant to the effect of challenging 
walking depending on the challenge (Francis et al., 2015). Alternatively, the response of 
variability to perturbations was stronger than the response of means during the continuous 
platform and visual perturbations (Young et al., 2012). However, studies on the response of 
variability of the gait parameters to perturbations provided contradictory results. Additionally, 
extremes of gait-related parameters may be a better representative estimate of the parameters 
in a challenging condition, such as perturbed walking compared with the mean values that 
traditionally being used in research (Rispens et al., 2015). However. There was a lack of studies 
which evaluate the response of extremes of gait-related parameters to quantify postural stability 
during perturbed walking. 
The first aim of this study was to examine the postural responses of healthy young adults to 
unexpected mechanical perturbations in ML and AP directions during treadmill walking. The 
second aim was to evaluate more responsive parameters, in terms of mean, variability, and 
extremes of the parameters, to quantify balance in this context.  
 
Methods 
Ten healthy young adults (age: 26.4 ± 4.1 years, height: 1.7 ± 0.08 m, mass: 64.4 ± 12.5 kg, 7 
females) were recruited to participate in this study. Participants walked on a perturbation 
treadmill and were subjected to unexpected surface perturbations in left, right, forward, and 
backward directions. First, the subjects completed 5 minutes of normal walking on the 
perturbation treadmill without perturbations to become familiar with treadmill walking. 
Afterward, 4 trials of 1 min perturbation treadmill walking were recorded. During each trial, 
participants were exposed to a single perturbation in a specific direction in order to become 
familiar with perturbed walking. Subsequently, 4 trials of 5 min perturbation treadmill walking 
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including a series of 16 perturbations towards a specific direction were recorded. A total of 39 
reflective markers were placed at specific anatomical locations. Kinematic data were recorded 
with an 8-camera Vicon motion capture system. 
Postural responses were quantified by spatiotemporal gait parameters including stride length, 
step with, and cadence, as well as MoS in mediolateral and anteroposterior directions. Means, 
variability, and extremes of gait-related parameters were used to specify responses during 
perturbed treadmill walking.  
 
Main findings  
1) In general, participants took shorter, wider, and faster steps as an adaptive strategy in order 
to increase their MoS and thus to decrease the probability of falling in the presence of 
unexpected mechanical perturbations.  
2) More noteworthy was the increase in variability of parameters relative to unperturbed 
walking, indicating that step irregularity is a specific characteristic of walking adaptability 
during perturbed walking. Therefore, gait variability may represent a useful measure in 
future studies estimating fall risk in fall-prone populations. 
3) The higher variability (i.e., more fluctuations) during and immediately after recovery 
stepping may be referred to as unsteadiness, instability, and fall risk. However, not all 
variabilities are a mark of poor locomotor control. Indeed, the ability to adapt gait when 
negotiating unexpected hazards is crucial to maintain stability and avoid falling. In this 
study, the high variability may show the ability of the young subjects to adapt the gait 
pattern which may be a healthy behavior to respond to unexpected perturbations. 
4) The results also showed the effect of direction of the perturbations on gait and stability 
parameters. The effects of perturbations were greater when the perturbations were applied 
in the ML-direction, suggesting that ML perturbations were more challenging than AP 
perturbations. Thus, the recovery response depends on the direction of the perturbation. 
5) This study also suggests that frontal plane fluctuations (ML variability) are more variable 
compared with AP variability, reflecting the higher fluctuations in the placement of the 
protective stepping in frontal plane in order to enhance stability during the perturbation.  
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6) Presenting the ML perturbations affected stability in both ML- and AP-directions with a 
stronger effect in sideways direction than AP direction and AP perturbations resulted in a 
stronger effect in the direction of the presented perturbation. 
7) In addition to variabilities, extremes of gait parameters related to “low gait quality” showed 
a strong response to perturbations. However, extremes related to “high gait quality” showed 
no sensitivity to perturbations. Therefore, measuring variabilities (i.e. the fluctuations over 
a series of steps) and extremes (i.e. local effects of the perturbations) of the parameters in 
addition to means can help to better understand balance control strategies.  
 
Conclusion  
The results show that the increase in cadence and step width, as well as the decrease in stride 
length, are strategies to increase MoS, and thus to decrease the probability of falling in the 
presence of perturbations. This study also suggests that frontal plane fluctuations (ML 
variability) are more variable compared with AP variability. Thus, the variability of responses 
depends not only on the status of the individuals but also depends on the type and direction of 
the perturbation. The participants were more sensitive to ML perturbations than to AP 
perturbations which shows the importance of including ML perturbations in assessment 
protocols. Variabilities, as well as extremes of gait-related parameters, showed strong 
responses for measuring the effects of perturbations. Therefore, measuring variabilities and 
extremes of the parameters in addition to means can help to better understand balance control 
strategies and may be used as a marker of unsteadiness, instability, and fall risk. 
 
3.3. Manuscript 3  
Effect of Gaze-Shifting on Gait Characteristics during Treadmill 
Walking in Healthy Young and Older adults 
Madehkhaksar, F., Klenk, J., Schwenk, M., Mack, D.J., L. Schwickert, Lindemann, U., 
Meyer, M., Srijana, K.C., Pomper, J.K., Synofzik, M., Ilg, U., Kerse, N., Maetzler, W., 
Becker, C., & Srulijes, K. (2018, submitted). Effect of gaze-shifting on gait characteristics 
during treadmill walking in healthy young and old adults. Journal of Biomechanics. 
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Background and objectives 
Shifting gaze during walking in a natural environment is performed constantly (e.g. observing 
surrounding or to scan the pathway for obstacles) and may lead to alterations in gait and 
increased fall risk, especially in older adults. Considering the frequent occurrence of gaze 
shifting while walking in daily life, it is important to understand the potential problems with 
gaze shifts on locomotion in the older as compared to the young individuals. These age-related 
differences may have significant implications for fall preventive exercise interventions in older 
persons. 
In general, older adults adapt their stable gait by taking slower and shorter steps compared to 
young adults. Also, the variability of a number of gait parameters increases in older subjects, 
suggesting a higher risk of falls (Callisaya et al., 2011). However, there was a lack of studies 
which examine the direct effects on characteristics (“reaction”) of the step immediately after 
gaze-shifting. 
The aim of this study was to determine the influence of gaze shifts on a set of gait parameters 
and their variabilities in healthy young and older individuals in order to discuss potential 
adaptive strategies used for compensation. Therefore, individuals walked on a treadmill while 
shifting their gaze to fixate on visual targets.  
 
Methods 
Eleven healthy young (age: 25 ± 4.5 years, height: 175 ± 5.6 m, mass: 74 ± 11 kg, 3 females) 
and 13 healthy old participants (age: 72 ± 3.9 years, height: 170 ± 8.9 m, mass: 75 ± 16 kg, 6 
females) participated in this study. All subjects walked on a treadmill, while seven light 
emitting diodes (LEDs) were arranged in front of them. One LED was positioned at 0° and the 
remaining were positioned at 30°, 45°, and 60° to the left and right side. Each subject wore 15 
reflective markers. Kinematic data were collected using a 6-camera Vicon motion capture 
system. First, subjects walked on the treadmill without presenting any visual triggering 
(Normal walking). Then, they performed two blocks of walking on the treadmill while fixating 
visual triggers. During each gaze-shifting block, each LED triggering at 30°, 45°, and 60° on 
left and right sides was illuminated 5 times (5 triggering × 6 conditions).   
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Gait parameters including stride length (SL), step width (SW), step frequency (SF), minimum 
toe clearance (Min-TC), and maximum toe clearance (Max-TC) were calculated. The mean and 
variability of parameters were calculated for each participant for gait cycles during normal 
walking, as well as, during one gait cycle before the triggering (Pre-Cycles) and during one 
gait cycle after the triggering (Post-Cycles) during gaze-shift walking. 
 
Main Findings 
1) In general, individuals adapted their cautious gait pattern in response to gaze-shift walking 
by taking shorter, faster, and narrower steps. Older subjects walked with shorter steps 
during all walking conditions as compared to young subjects, whereas, SF and SW were 
not affected by age group. In this study, healthy elderly adopted the speed of their gait by 
taking shorter steps, and not by taking more frequent steps, compared to young subjects. 
2) A reduction in SL and increase of SF was found in Pre-Cycle walking compared to normal 
walking in the older adults but not the young, whereas both groups reduced SL and 
increased SF during the Post-Cycle compared with the Pre-Cycle. Reduced SL seems 
primarily to be a compensation, as older adults but not the young showed a reduction in SL 
already in Pre-Cycle walking compared to normal walking. The reduced SL accompanied 
by increased SF  in the younger during Post-Cycle could also reflect a protective adaptation 
or reaction effect of gait in response to a gaze shift in terms of a more cautious gait. 
3) In the older adults, mean of SW increased a direct reaction to the gaze-shifting (i.e. by 
comparing Pre-Cycle and Post-Cycle). This observation might be a compensatory strategy 
by increasing walking stability in the mediolateral direction in older adults. However, 
young adults seem to have a more stable gait that does not need such a “reactive” strategy 
after perturbation. SW variability was increased in both groups during the challenging 
walking condition, suggesting a compensatory strategy to cope with gaze-shift perturbation. 
4) Young adults decreased their mean of Min-TC, whereas older adults increased the mean 
and variability of Min-TC. However, the elderly exhibited greater variability of Min-TC 
than young individuals. An age-related increase in Min-TC variability, in the absence of an 
increase in Min-TC, increases the likelihood of tripping. Therefore, the older group might 
have increased their Min-TC during Post-Cycle to compensate for the higher Min-TC 
variability. 
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5) Young adults increased Max-TC during gaze-shift walking compared to normal-walking, 
whereas older adults decreased Max-TC. This difference could be explained by weaker 
dorsiflexor muscle of older adults compared to the young ones. Interestingly, when focusing 
on the direct reaction after the gaze-shifting, the young adults showed a decrease of Max-
TC, which could reflect a perturbation effect on gait. 
 
Conclusion  
This experiment showed an influence of gaze-shifts on gait in both groups, although, the effect 
is larger in the older which might, therefore, need more compensation compared to the young 
adults. Comparing Pre-Cycle to normal walking, young adults showed no instability-related 
changes in their gait but older adults showed a more cautious gait with shorter step length, 
reduced step width, increased step frequency, decreased maximum toe clearance, and 30% 
higher minimum toe clearance variability. During Post-Cycle compared to Pre-Cycle, direct 
effects of gaze-shifts on gait parameters were significant but rather small. Age-related 
differences observed in this study might have resulted from a decline in motor, sensory, and 
cognitive functions which result in less ability in maintaining balance. However, age-related 
differences might be a successful adaptive strategy used by older adults in order to minimize 
the risk of fall.  
  
 24 
 
4. General discussion and conclusions 
The objective of this dissertation was to evaluate the postural responses in terms of gait 
parameters and their variability, as well as stability measures under challenging walking 
conditions including stair walking while dual-tasking, mechanically perturbed walking, and 
gaze-shift walking.   
 
4.1. Task-dependent adaptive strategy 
The findings of this dissertations suggest that the postural responses under challenging 
conditions are task-dependent, which shows the importance of studying each case of 
challenging condition with high risk of fall.  
Manuscript 1 showed that when stair walking while dual tasking, healthy young adults showed 
variation in CoM displacement and reduced gait speed in order to enhance the stability and to 
optimize the secondary task performance. The level of alteration depended on the type of the 
secondary task (i.e. cognitive or manual task), as well as the complexity of the gait task (i.e. 
steeper steps). For instance, in contrast to the secondary cognitive task, performing the 
secondary manual task resulted in enhancing dynamic stability, suggesting the task-dependent 
effect of the secondary task. Concurrently performing two types of secondary task resulted in 
the most challenging walking condition. A previous study which investigated the effect of dual-
tasking on trunk movement during walking has also reported a decrease in trunk movement 
when performing a manual task (carrying a ball in a try) during walking (Asai et al., 2014). 
However, the interference of different types of manual-task (i.e. cognitive and manual 
secondary tasks) with a complex gait task such as stair walking has been lacking. These new 
findings of this study can help to better evaluate the risk of challenges encounter in daily life, 
therefore to reduce the risk of fall.  
Manuscript 2 also showed adaptive strategy of healthy young adults during sudden 
mechanically perturbed walking. Overall, participants walked with a shorter stride length, a 
wider step width, and a higher cadence during perturbed walking in order to enhance dynamic 
stability. In addition, the variability of parameters increased during perturbed walking. The 
effects of perturbations were found to be significantly greater when the perturbations were 
applied toward the ML-direction, which also supports the task-dependent effect of challenging 
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walking. The direction-dependent effect of perturbations was also reported in previous studies 
using visual and continues perturbations (McAndrew et al., 2010; O'Connor & Kuo, 2009).  
The results of the manuscript 2 further supports the stronger effects of sudden discrete 
mechanical perturbations on postural stability during walking suggesting the importance of 
including ML perturbations in assessment protocols. 
Manuscript 3 discussed the gait strategy of healthy young and older adults during gaze-shift 
walking. Similar to the mechanically perturbed walking (manuscript 2), participants walked 
with shorter step length and a higher frequency during gaze-shift walking. However, in 
contrast, participants took narrower steps (smaller step width) during gaze-shift walking. This 
difference also demonstrates the task-dependent strategy of healthy adults under a challenging 
circumstance. During mechanically perturbed walking, participants took wider steps to control 
lateral dynamic stability, since the MoS in ML direction is defined as the distance between the 
ML borders of the BoS and XCoM. Thus, increased step width resulted in an increase in MoS-
ML. However, during gaze-shift walking, visual fixations might have had a stronger effect on 
gait than a gaze shift per se since participants were required to gaze at the central LED before 
and after performing gaze shifts. Thus, observed narrower base of support during gaze-shift 
walking could be interpreted as a correlate for an increase in dynamic stability via the 
mechanism of gaze stabilization. Although, there have been a handful of studies that investigate 
adaptive strategies during a visually guided change in travel direction (Hollands et al., 2001) 
or to avoid an obstacle (Lo, van Donkelaar, & Chou, 2015; M. R. Paquette & Vallis, 2010), the 
effect of gaze-shifting on gait parameters and their variabilities had been missing. Therefore, 
novel findings of this study can greatly help better understanding of adaptive strategies during 
gaze-shift walking as a basis for the development of specific training paradigms. 
 
4.2. Measures to quantify postural responses 
In this context, there are a variety of measures that should be considered according to the type 
of the task being performed. Common measures which were discussed in this dissertation 
include spatiotemporal gait parameters and gait variability, as well as dynamic stability 
measures such as trunk movement and margins of stability.  
Moreover, different measures should be interpreted together, as each can reveal different 
aspects of strategies used by the subject groups. For example, when interpreting gait speed 
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together with the trunk displacements (manuscripts 1), decreased gait speed and alterations in 
ML-RoM demonstrate a cautious strategy during walking under a more challenging condition 
(i.e. ascending steeper stair). As another case, increasing the variability of gait parameters may 
be an indicator of higher risk of fall (Brach et al., 2008; Maki, 1997). On the other hand, it may 
also reflect a successful recovery response when it is accompanied by increasing dynamic 
stability (see manuscript 2). Also, in the manuscript 3, older adults increased Min-TC during 
gaze-shift walking. It has been suggested that tripping risk can be reduced by elevating Min-
TC (Begg et al., 2007). However, when counting the variability of Min-TC into account, the 
older adults might have increased their Min-TC to compensate for the higher Min-TC 
variability. Thus, in this case, elevated Min-TC does not simply indicate increased safety, but 
a compensatory strategy to reduce the risk of tripping due to the higher variability of Min-TC. 
Therefore, as a conclusion, one parameter alone is not sufficient to describe stability and 
postural responses.  
Importantly, manuscript 2 showed that looking at the variability of parameters over a series of 
steps is a responsive measure of gait adaptations happening during perturbed walking. A 
previous study reported no difference between fallers and non-fallers ability to cope with 
perturbation when measuring mean of the parameters over every single step following the 
perturbation (Punt et al., 2017). In their study, the effect of the perturbations on gait variability 
over a series of steps (i.e. fluctuations) was not investigated, which might be helpful in 
providing additional information to discriminate between fallers and non-fallers. The 
interesting finding of the manuscript 2 suggests that capturing the variability of gait parameters 
may represent a useful measure in future studies estimating fall risk in fall-prone populations. 
In addition, according to the type of the postural perturbation, especially when it appears at 
some specific instances during walking, it may be helpful to use measures of parameters which 
reflect the values around these instances (such as extremes of parameters) as compared to mean 
of values. Because mean of values is an average over all instances during walking and may 
cover the instantaneous effect of the perturbation (manuscript 2). Previous studies found a 
strong association between extremes relating to high gait quality and fall risk during daily life 
walking (Rispens et al., 2015). However, this measure had not been used previously to detect 
the effects of perturbations. As a novel finding, manuscript 2 showed the strong responsiveness 
of extreme of gait parameters to mechanical perturbations by capturing the local effects of 
perturbations within gait cycles. 
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4.3. Effects of age 
Manuscript 3 showed that due to aging, a decline in motor and sensory functions results in a 
different gait strategy used in older adults, which was more profound under more challenging 
condition (i.e. Post-Cycle gaze-shift walking). Exploring differences in adaptive strategies used 
by younger and older adults may help better understanding of balance problems in older adults 
and may have great implications in reducing the risk of fall.  
To this aim, similar to the procedure of the manuscript 3, it is essential to first investigate 
responses used by healthy young adults in order to explore the healthy normal response to a 
specific challenge. Then, the strategies used by the elderly under the same condition should be 
contrasted with that of healthy young individuals. There are some age-related observations 
which are independent of the effect of the specific experimental conditions. For instance, in the 
manuscript 3, older adults walked slower, with shorter SL, and lower Max-TC compared to 
young adults, whereas, SF and SW were not affected by age-group. These observations, which 
are in line with previous studies (Elble, Thomas, Higgins, & Colliver, 1991), were observed 
during all experimental conditions independent of the effects of gaze-shifting. On the other 
hand, there are some observations directly related to the effects of the experimental conditions. 
It should be noted that observed differences in elderly may be due to an inability in responding 
appropriately resulting in higher risk of fall. However, these differences may be a successful 
adaptive strategy to compensate for consequences of age-related declines in multiple systems. 
For example, older adults, but not young, reduced SL and increased SF during Pre-Cycle, 
which is in line with previous studies while walking on an irregular surface (Menz, Lord, & 
Fitzpatrick, 2003), as well as during walking when turning the head (Singh et al., 2017). This 
observation is possibly associated with a higher risk of falls since shorter SL results in less 
dynamic stability in the forward direction (Hak et al., 2012). However, older adults increased 
SW during Post-Cycle compared to Pre-Cycle as a direct reaction to the gaze-shifting which is 
also consistent with the literature (Vallis & Patla, 2004). This observation might be a 
compensatory strategy by increasing walking stability in the mediolateral direction in older 
adults (Hak et al., 2012), whereas, young adults seem to have a more stable gait that does not 
need such a “reactive” strategy after perturbation. Therefore, contrasting normal and impaired 
adaptive responses used by the elderly can help with assessment of balance recovery ability 
and thus may help to reduce the incidence of falls.   
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In general, healthy adults in all experimental conditions of this dissertation adapted their gait 
dependent on the task by alterations in gait speed, gait parameters, trunk movements, as well 
as the performance of additional tasks in order to improve their dynamic stability and to avoid 
falls. Observed alterations in their walking strategy demonstrate a successful healthy strategy 
to enhance balance under challenging circumstances. 
There are some general limitations in the studies of this dissertation. First, findings came from 
a small sample of healthy adults. Thus, there is a need to investigate larger sample sizes and 
explore weaker and older individuals with impairments. Second, three specific types of 
challenging walking were addressed in this dissertation. Future studies are needed to examine 
postural responses under other challenging conditions. 
The findings of this dissertation can impact the scientific and clinical communities. First, new 
knowledge is gained on the mechanisms underlying the postural responses. Second, the 
findings may aid advancements in the assessment of balance control in young and old adults. 
Finally, they can assist future clinical and basic research work on the development of more 
effective preventions, interventions, and training program in order to optimize balance control.  
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A B S T R A C T
Stair gait is a common daily activity with great potential risk for falls. Stairs have varying inclinations and
people may perform other tasks concurrently with stair gait. This study investigated dual-task
interference in the context of complex gait tasks, such as stair gait at different inclinations, a topic about
which little is understood. We examined how secondary cognitive and manual tasks interfere with stair
gait when a person concurrently performed tasks at different levels of complexity. Gait kinematic data
and secondary task performance measures were obtained from ﬁfteen healthy young males while
ascending and descending a four-step staircase at three inclinations (17.78, 29.48, and 41.58) as well as
level walking. They performed a cognitive task, ‘backward digit recall’, a manual task, ‘carrying a cup of
water’ and a combination of the two tasks. Gait performance and dynamic stability were assessed by gait
speed and whole body center of mass (COM) range of motion in the medial–lateral direction,
respectively. No signiﬁcant effect of the gait task on the cognitive task performance was observed. In
contrast, stair walking adversely affected the performance of the manual task compared to level walking.
Overall, more difﬁcult postural and secondary tasks resulted in a decrease in gait speed and variation in
COM displacement within normal range. Results suggest that COM displacement and gait alterations
might be adopted to enhance the stability, and optimize the secondary task performance while walking
under challenging circumstances. Our ﬁndings are useful for balance and gait evaluation, and for future
falls prediction.
 2015 Elsevier B.V. All rights reserved.
Contents lists available at ScienceDirect
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jo u rn al h om ep age: ww w.els evier .c o m/lo c ate /g ai tp os t1. Introduction
Falls are a serious clinical problem and can result in severe
injuries and even death among older adults [1]. Stair gait is among
the most challenging and hazardous types of locomotion, and one
of the leading causes of falls-related injuries for the aged
population [2]. The risk of fall further increases when people
perform tasks like reasoning or carrying an object concurrently
with stair gait [3,4].
Two different types of secondary tasks – a cognitive task and a
manual task – have been used in dual-task studies [5–7]. Previous
studies have reported that undertaking a secondary cognitive task
adversely affects gait depending on the task complexity, the
population studied and the instruction given regarding to
attention prioritisation [8–11]. A manual task, like carrying an* Corresponding author. Tel.: +31 302537588; fax: +31 302532804.
E-mail addresses: f.madehkhaksar@uu.nl (F. Madehkhaksar), j.egges@uu.nl
(A. Egges).
URL: http://vhtlab.nl
http://dx.doi.org/10.1016/j.gaitpost.2015.09.009
0966-6362/ 2015 Elsevier B.V. All rights reserved.object, is used less often in dual-task studies [5]. Some reports have
demonstrated that a manual task, similarly to a cognitive task,
adversely affects gait performance [5,12]. Contradictory results
have been reported when the manual task requires increased
postural stability in order to be correctly performed. In this case, a
secondary manual task may lead to extra stabilization rather than
perturbation of posture [13,14].
Little is understood about dual-tasking during stair gait. Ojha
et al. [3] reported that older adults required more resources than
younger adults while performing stair gait concurrently with a
verbal task. Recently, Vallabhajosula et al. [4] showed that the
impact of performing a cognitive or manual task during stair ascent
varies based on the stair ascent phase. Also, they reported that gait
and secondary task performance are more strongly associated if
the gait task is more challenging. Stair descent is also important to
be taken into account, since it has been reported as the most
hazardous aspect of stair gait [2]. Finally, gait parameters vary
based on stair inclination [15,16] suggesting different levels of
complexity of stair gait at different inclinations. To our knowledge,
no previous studies investigated manual and cognitive dual-task
F. Madehkhaksar, A. Egges / Gait & Posture 43 (2016) 114–119 115performance during a complex gait task such as stair gait at
different inclinations, even though in daily life, people regularly
encounter stairs at varying inclinations and concurrently perform
additional tasks.
In this study we examined how secondary cognitive and
manual tasks interfere with stair gait at varying inclinations for
healthy adults. We expected that increasing the complexity of the
gait task as well as the type of secondary task would affect both gait
and dual-task performance, such that performance of secondary
tasks would decline as a compensation to maintain dynamic
stability.
2. Methods
2.1. Subjects
Fifteen healthy males (age: 28.5  3.7 years, height:
180.1  7.5 cm, body mass: 74.6  7.5 kg), participated in the
experiment. All subjects reported to be free of any musculoskeletal
or neurological dysfunction. Ethical approval was obtained from the
ethical committee of the Faculty of Social and Behavioural Sciences of
Utrecht University (Reference Number: FETC14-020). All subjects
gave their informed consent.
2.2. Experimental setup and procedures
Stair gait was performed on an adjustable 4 step staircase at
three different inclinations: ﬂat, standard, and steep [15,16] (see
Table 1). In the stair gait trials, the participants walked from a
starting point about 2 meters away from the staircase on level
ground, in order to start ascending the stair from a walk
[17,18]. The participants then ascended to the top of the staircase
in a step-over manner, turned around, descended the stair and
walked back to the starting point. In the level walking trials, the
participants walked straight ahead covering the same distance as
in the stair walking trials. In all trials, the participants walked
barefoot at their comfortable speed, in order to remove the
inﬂuence of different shoe types.
They performed a cognitive task, backward digit recall (BDR),
a manual task, ‘carrying a cup of water’ (CCW) and a
combination of two tasks (BDR&CCW) concurrently with the
gait task. In BDR, the experimenter read out a sequence of three-
digit random numbers at a rate of 40 numbers per minute, and
the participants were required to repeat the numbers in reverse
order in time to the beat [19]. BDR commenced 10 s before the
participants started walking and was performed continuously
throughout each trial. In CCW, participants were required to
carry a cup of water (0.63 kg) in their dominant hand while
trying to keep it vertical. Also, there was a baseline (single gait
task) in which no secondary task was performed. Therefore in
total, there were four testing combinations for each gait task.
Each participant performed three stair walks as well as level
walking under each testing condition. The dual-task conditions
were randomly presented to the participants. The participants
were provided enough time to get familiar with the experimen-
tal procedure (see Fig. 1A for an outline).Table 1
Stair dimensions of the present study.
Stair position Riser height (cm) Tread/run (cm) Inclination (8)
Flat 12 37.5 17.7
Standard 15.5 27.5 29.4
Steep 15.5 17.5 41.5The performance of BDR was quantiﬁed by the ratio between the
number of correct recalls and the total number of three-digit
numbers presented in each trial. In CCW, two markers were placed
on the cup and participants were asked to hold the cup vertically.
The task performance task was quantiﬁed by measuring the ratio
of deviation of the cup in the vertical direction between the ﬁrst
ﬁve seconds (in which the subjects were asked not to walk) and the
rest of trial.
2.3. Kinematics
Kinematic data was recorded at 100 Hz with a 14-camera three-
dimensional motion capture system (Vicon Motion Systems,
Oxford, UK). A total of 35 reﬂective markers were placed at
speciﬁc anatomical locations in accordance with the Plug-In-Gait
marker set (Bodybuilder, Plug in Gait model, Vicon Motion
Systems, Oxford, UK). Additionally, one marker was placed on
each step edge (see Fig. 1B). Motion data was analyzed using the
Vicon Nexus software (version 1.8.5). Kinematic data of the lower
limbs and whole body center of mass (COM) were collected using
the Vicon Plug-In-Gait model [20].
The gait speed during a single gait cycle was used as a
dependent measure to assess gait performance, since the effect of a
concurrent cognitive task has shown to be most evident on this
variable [9]. The gait speed was measured as the distance traveled
by the ankle joint center during the gait cycle divided by the gait
cycle time. During level walking, foot contact and toe off were
determined according to the coordinate-based algorithm proposed
by Zeni et al. [21] using corresponding toe and heel markers.
During stair ascent and descent, the stair cycle under analysis was
deﬁned according to the literature [22]. During stair gait, foot
contact was determined using the method by Grenholm et al.
[23]. Event detection was performed with a custom MATLAB
R2014a program (MathWorks Inc., Natic, USA).
Maintaining the dynamic stability during gait relies on the
ability to control COM motion, thus changes in ML COM motion has
been extensively used to detect gait instability [24–27]. Dynamic
stability during gait was assessed by the whole body COM range of
motion (RoM) in the medial–lateral (ML) direction, i.e. the
maximum minus minimum value achieved during the crossing
stride. Vertical and anterior–posterior RoM on stairs are con-
strained, respectively by the stair riser and tread dimensions and
were therefore not investigated [26].
2.4. Analysis
Data was analyzed using SPSS for Windows, version 22. A two-
factorial repeated measures ANOVA (seven gait task condi-
tions  four secondary task conditions) including a post hoc
Bonferroni test was used to analyze gait speed and ML-RoM as
dependent measures. In addition, performance of each secondary
task was analyzed using a two-factorial repeated measures
ANOVA, separately: gait task (level walking vs. ﬂat stair vs.
standard stair vs. steep stair) and secondary task (single vs.
BDR&CCW condition).
The data for cup inclination deviation was log-transformed to
obtain a normal distribution and to decrease the inﬂuence of
outliers. The level of signiﬁcance was set at p < 0.05.
3. Results
3.1. Secondary task performance
Table 2 presents the secondary task performance measures.
Results for CCW showed a main signiﬁcant effect of gait task
(p < 0.001). Cup deviation from the vertical direction during
Fig. 1. (A) Block sequences. Trials within each block are randomized. Tasks in block 1 were performed before block 2, 3 and 4. Sequences of block 2, 3 and 4 were randomized.
BDR, backward digit recall; CCW, carrying cup of water. (B) Schematic drawing of the staircase (without handrails) and experimental setup. The height of the staircase (riser
and tread dimensions) can be adjusted so that the inclination can be varied. Reﬂective markers were placed at speciﬁc anatomical locations in accordance with the Plug-In-
Gait marker set.
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comparisons). In contrast, results for BDR performance showed no
main signiﬁcant effect of gait task. Also, subjects showed no
signiﬁcant difference in the performance of a single secondary task
(either BDR or CCW) compared to concurrently performing two
secondary tasks (BDR&CCW). A more complex gait task combined
with concurrently performed secondary tasks had no effect on
either BDR or CCW performance.
3.2. Gait speed
Fig. 2 shows the effects of gait tasks and secondary tasks on gait
speed. Gait task signiﬁcantly affected gait speed (p < 0.001) with a
signiﬁcantly slower speed during all stair ascent and descent
compared to level walking (p < 0.001 for all comparisons). In allTable 2
BDR and CCW secondary task performance in each gait task and secondary task condi
Single secondary task 
Walking Flat Standard Steep 
BDR 0.908 (0.127) 0.956 (0.108) 0.958 (0.106) 0.939 (0.121)
CCW 0.539 (0.627) 0.607 (0.446) 0.705 (0.734) 0.516 (0.345)
Values are mean (standard deviation). BDR, backward digit recall; CCW, carrying cup o
correct recalls and the total number of three-digit numbers. The CCW performance wathree stair inclinations, gait speed during ascent was signiﬁcantly
slower than descent (p < 0.001 for all inclinations). Steeper stairs
resulted in a higher gait speed reduction.
The secondary task type showed a signiﬁcant effect on gait
speed (p < 0.001). Overall, performing a secondary task decreased
gait speed compared to the single task condition. There was an
interaction between the gait task by the secondary task effect on
gait speed (p < 0.001). The effect of a secondary task on gait speed
during level walking and stair descent were more obvious than
during stair ascent. Gait speed was highest in the single task
condition (walking only) and lowest during BDR&CCW compared
to the other secondary task conditions. Regardless of the gait task
complexity, the difference in gait speed between BDR and CCW
was not signiﬁcant, however participants walked slightly slower
during CCW.tion (single and concurrent secondary task).
BDR&CCW condition
Walking Flat Standard Steep
 0.924 (0.148) 0.977 (0.072) 0.967 (0.086) 0.951 (0.147)
 0.529 (0.736) 0.693 (0.592) 0.764 (0.827) 0.639 (0.506)
f water. The BDR performance was quantiﬁed by the ratio between the number of
s quantiﬁed by the ratio of deviation of the cup in the vertical direction.
Fig. 2. Gait speed shown as a function of (A) gait task (level walking, ﬂat, standard
and steep stair ascent and descent), ‘‘ns’’ indicates non-signiﬁcant differences
(p > 0.05) between conditions, i.e. a signiﬁcant difference is present between all
other conditions (B) secondary task (single task, BDR, CCW and BDR&CCW),
Signiﬁcant differences (p < 0.05) between the conditions are indicated by *. (C) Gait
speed shown a function of gait task and secondary task. BDR, backward digit recall;
CCW, carrying cup of water. Error bars indicate standard error.
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Fig. 3 shows the effects of gait tasks and secondary tasks on ML-
RoM. The secondary task type had a signiﬁcant effect on ML-RoM
(p < 0.001). Overall, performing a secondary task increased ML-
RoM compared to the single task. However, the only signiﬁcant
difference appeared between the single task and BDR&CCW
condition (p < 0.05). ML-RoM during CCW was slightly lower
than BDR and BDR&CCW but still higher than the single task.
BDR&CCW appeared with the highest ML-RoM compared to the
other task conditions. There was a signiﬁcant main effect of the gait
task on ML-RoM (p < 0.001). However, differences did not appear
systematically between the different gait conditions. No interac-
tion effect of gait task by secondary task was observed for ML-RoM.
4. Discussion
This study explored the effect of complex gait tasks, notably
stair gait at different inclinations, and different types of secondary
tasks on gait and secondary task performance. As we expected,
both gait performance and dynamic stability responded to gait task
difﬁculty and secondary task performance. Compared to level
walking (gait task baseline) and the single task condition
(secondary task baseline), subjects showed an alteration in their
gait speed and ML-RoM as a function of gait task complexity as well
as type and complexity of the secondary task. The gait task had no
effect on the cognitive task performance. In contrast, the manual
task performance was affected by gait task complexity. Performing
a manual and cognitive task concurrently had no effect on
secondary task performance but strongly affected gait speed and
ML-RoM.
Previous studies show that cognitive and motor performances
decline to a variable extent, depending on the tests being used,
when combined in a dual-task scenario. We conﬁrmed this ﬁnding
when our participants performed a manual task, suggesting that
motor control tasks have a direct effect on a secondary manual
task, since the resources for the postural control and the manual
task performance are both within the motor control system
[7]. Therefore, manual task performance declined under more
challenging postural conditions in our study. Gait tasks had no
effect on the cognitive task performance which is consistent with
previous studies [8,10]. In the present work, the absence of any
signiﬁcant decline in cognitive performance during the dual-task
test might indicate that no interference was present, as if two
totally distinct neuronal control pathways processed the cognitive
and motor tasks which is consistent with the literature [11]. This
ﬁnding contrasts with other research showing that cognitive task
performance declines with more difﬁcult postural or walking tasks
[28]. Because only one type of cognitive task was used in this study,
characteristics of that speciﬁc task could contribute to the
observed differences. Also, performing BDR and CCW concurrently
had no effect on the performance of either task. The multiple
resource model posits that processing may need a number of
resources [7]. According to this theory, the cognitive and manual
tasks in this study might not share common resources, which may
explain our ﬁndings.
During stair gait, a signiﬁcant gait speed decrease was observed
compared to level walking. More complex gait tasks are more
attentionally demanding. Thus, increasing the complexity of gait
tasks resulted in decreased gait speed indicating increased motor
cost for postural control. However, results for ML-RoM showed no
systematic changes as a function of the gait task. ML-RoM was
previously used to indicate gait instability [24,27,29]. ML-RoM
changes are thought to possibly be due to a reduced ability to
conﬁne the COM within a more stable region. However, in our case,
the mean values for ML-RoM appeared normal (ranging from
Fig. 3. ML-RoM shown as a function of (A) gait task (level walking, ﬂat, standard and steep stair ascent and descent), (B) secondary task (single task, BDR, CCW and BDR&CCW).
BDR, backward digit recall; CCW, carrying cup of water. Signiﬁcant differences (p < 0.05) between the conditions are indicated by *. Error bars indicate standard error.
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only for larger displacements of ML COM (>6 cm) among
community-dwelling older adults [24].
Gait speed decreased with stair steepness, which is also
reported by others [16]. ML-RoM only showed an increase during
descent. Consistent with other studies, our results show that stair
ascent was more challenging than stair descent and level walking
[22], which is shown by slower gait speed and higher ML-RoM. A
possible explanation is that during ascent, system resources are
directed towards concentric muscular action and energy genera-
tion, whereas during descent, resources are only directed towards
eccentric muscle contraction, which is less demanding.
ML-RoM was not signiﬁcantly affected when ascending steeper
stairs—this may represent a successful effort to avoid imbalance.
These observations are similar to those made during level walking
and whilst stepping over an obstacle [24,25]: the average ML-RoM
across all obstacle height conditions was signiﬁcantly greater than
during unobstructed walking but showed no signiﬁcant increase as
obstacle height increased. In our study, the largest ML-RoM may be
indicative of cautious behaviour to reduce the risk of falling.
Speciﬁcally, more caution is taken when stepping on a steeper
stair.
In the current study, the type and complexity of the secondary
task altered gait performance and ML-RoM. Performing a second-
ary task signiﬁcantly decreased the gait speed indicating an
interference of attentional demands between the secondary and
the gait task. Previous studies have reported a similar alteration;
motor and cognitive cost of dual-task walking heavily depends on
the type and perceived complexity of the cognitive task being
performed [9,12].
In each gait task, performing a cognitive task resulted in a
slightly reduced gait speed indicating an attentionally demanding
secondary task. In the cognitive task, the attentional resources
were split and allocated arbitrarily to each task; the additional
cognitive task draws attentional resources away from gait [5],
thereby decreasing the gait speed and increasing ML-RoM
compared to single task in this study. However, the increased
ML-RoM in this study may also be due to an effort to produce a
compensatory movement aimed at maintaining sideways stability
which is consistent with previous research [24].
When the manual task was performed, gait speed reduction
was more apparent compared to the cognitive task. A manual task
shares the same resources as postural control. Thus, performing a
manual task had more effect on gait performance. In contrast to
these ﬁndings, another study reported that participants walkedslower while performing a cognitive task as opposed to a manual
task [12]. A possible explanation could be the fact that this study
used cognitively impaired older people as opposed to younger
adults.
The manual task exhibited a potential in increased dynamic
stability in ML direction compared to the cognitive task, however,
the effect was not signiﬁcant in this study. In the present work,
during the manual task, subjects were required to consciously pay
attention to postural control in order to hold the cup straight.
Further study of different types of manual tasks may support the
idea that the constraint imposed by a more demanding manual
component of the dual-task interplayed with the postural
component, leading to improved body stability [13,14]. Also the
cross-talk theory supports our ﬁndings, suggesting that perform-
ing two tasks which share the same resources may cause less
interference in the performance of either tasks [30].
Conceptually and experimentally, BDR&CCW is the most
difﬁcult task and resulted in the most conservative gait in all gait
tasks in this study. Attentional resources are limited in capacity;
Result for dynamic stability and gait speed during BDR&CCW in all
gait tasks demonstrated higher attentional demands of the
secondary task and overlapping processing resources.
A limitation in the current study is that our results only show
the effects of one particular type of manual task during gait.
Investigating the kinetics of lower-extremities may provide a
deeper understanding of the stair gait mechanisms under the
secondary task condition. Also, a further application to the elderly
population or patients with balance problems may enhance our
understanding of the mechanisms underlying the increase of falls
in the elderly. Finally, ﬁndings of this study, in particular the
strategy chosen to avoid falls in challenging circumstances, can be
used to evaluate balance and gait, and predict future falls.
5. Conclusion
Compromised ML-RoM and decreased gait speed are a
compensation to improve dynamic stability and optimize the
secondary task performance. The subjects in this study generally
walked more slowly with alteration in ML-RoM when they were
asked to walk and concurrently perform another task. The degree
of reduction of gait speed and variation in ML-RoM changed by
increasing gait and secondary task complexity. However, mean
speeds and ML-RoM in all cases remained within normal limits.
Variation in ML-RoM within the normal range does not necessarily
indicate an increased risk of falling. This study suggests that the
F. Madehkhaksar, A. Egges / Gait & Posture 43 (2016) 114–119 119unconscious alteration in gait speed and COM RoM might be key to
avoiding hazards and preventing falls and reﬂects an increase in
dynamic gait stability.
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Abstract
Most falls occur after a loss of balance following an unexpected perturbation such as a slip
or a trip. Greater understanding of how humans control and maintain stability during per-
turbed walking may help to develop appropriate fall prevention programs. The aim of this
study was to examine changes in spatiotemporal gait and stability parameters in response
to sudden mechanical perturbations in medio-lateral (ML) and anterior-posterior (AP)
direction during treadmill walking. Moreover, we aimed to evaluate which parameters are
most representative to quantify postural recovery responses. Ten healthy adults (mean =
26.4, SD = 4.1 years) walked on a treadmill that provided unexpected discrete ML and AP
surface horizontal perturbations. Participants walked under no perturbation (normal walk-
ing), and under left, right, forward, and backward sudden mechanical perturbation condi-
tions. Gait parameters were computed including stride length (SL), step width (SW),
and cadence, as well as dynamic stability in AP- (MoS-AP) and ML- (MoS-ML) directions.
Gait and stability parameters were quantified by means, variability, and extreme values.
Overall, participants walked with a shorter stride length, a wider step width, and a higher
cadence during perturbed walking, but despite this, the effect of perturbations on means
of SW and MoS-ML was not statistically significant. These effects were found to be
significantly greater when the perturbations were applied toward the ML-direction. Vari-
abilities, as well as extremes of gait-related parameters, showed strong responses to the
perturbations. The higher variability as a response to perturbations might be an indicator
of instability and fall risk, on the same note, an adaptation strategy and beneficial to
recover balance. Parameters identified in this study may represent useful indicators of
locomotor adaptation to successfully compensate sudden mechanical perturbation during
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walking. The potential association of the extracted parameters with fall risk needs to be
determined in fall-prone populations.
Introduction
Falls are a serious clinical problem and often lead to injuries, the decline in mobility, and self-
imposed limitations on daily activities, especially in older adults. Fall-related injuries increase
costs for health care and rehabilitation and diminish the quality of life [1–3]. Most falls occur
after a loss of balance while walking, which is the most common activity in daily life, and fol-
lowing an unexpected perturbation such as a slip or trip [4]. Therefore, understanding of how
humans control balance and maintain stability during unexpected perturbed walking can help
with assessment of balance recovery ability and thus may help to reduce the incidence of falls.
In order to enhance understanding of falls caused by perturbations, recent studies have
examined changes in spatiotemporal gait parameters and dynamic stability (i.e., the margins
of stability [5,6]) following perturbations. Evidence has demonstrated adaptations of spatio-
temporal gait parameters to challenged walking by taking faster, shorter, and wider steps [7–
11]. Consequently, an alteration in gait parameters led to increased margins of stability (MoS)
and to enhanced stability during challenging walking [8,9]. While these alterations in spatio-
temporal gait parameters and dynamic stability occurred during different types of perturba-
tions, such as continuous mechanical and visual perturbations [9–14], it remains inconclusive
whether these observable adaptations also occur during sudden mechanical surface perturba-
tions in different directions.
The majority of perturbation studies has included perturbations only in the anterior-poste-
rior (AP) [7,15–17] or in the medio-lateral (ML) direction [9,11,13,14,18,19]. However, each
of these perturbations affects gait and stability in different ways, depending not only on the
type but also on the direction of the perturbations. Exposure to the continuous support surface
[10,12] and visual field [10,20,21] in both AP- and ML-directions produced anisotropic
changes in gait variabilities. The effects of perturbations were also found to be significantly
greater when perturbations were applied in the ML-direction [10,12,21]. Also, the unidirec-
tionality (AP or ML) of the perturbation may help the subjects in developing a volitional plan
for a stepping response thus lack’s the ecological validity since falls in the real world are multi-
directional and always unexpected [22,23]. Therefore, further studies on the effect of perturba-
tions on gait-related parameters and dynamic stability, which include sudden mechanical
surface perturbation in both AP- and ML-directions may reveal valuable information.
The means of gait characteristic appeared resistant to the effect of challenging walking
depending on the challenge [18,24]. Alternatively, the response of variability to perturbations
was stronger than the response of means during the continuous platform and visual perturba-
tions [12]. This indicated an increased challenge in stability that was not captured by means
but by the variability of parameters [12]. Thus, gait variability, which is defined as fluctuation
in gait parameters from one step to the next, might be an important indicator of gait stability
[25,26], and more responsive than the mean differences of the gait parameters.
Prior studies have used gait variability to characterize balance during walking
[10,11,18,21,27]. However, studies on the response of variability of the gait parameters to per-
turbations provided contradictory results. Continuous support surface perturbations during
walking in a static visual environment induced increased step width variability [14]. On the
other hand, Francis et al. reported no significant increase in gait variability in young adults in
The effects of unexpected mechanical perturbations on spatiotemporal gait parameters and dynamic stabiity
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response to visual ML perturbation [18]. These differences might appear due to different types
of perturbations applied in these studies. In a recent work, Punt et al. explored the effects of
multidirectional sudden mechanical perturbations in stroke survivors who prospectively expe-
rienced falls or no falls [28]. By comparing the gait characteristics and dynamic stability in
both fallers and non-fallers group over every step after the perturbation, they observed no dif-
ference in individual’s ability to cope with the perturbations. Although their study provided
interesting insight into the response strategy in stroke survivors, the variability of the parame-
ters which might reveal helpful information in discriminations between fallers and non-fallers
was not included. There is a need for studies which examine the effect of sudden multidirec-
tional unexpected mechanical perturbations on the variability of gait-related parameters.
Additionally, extremes of gait-related parameters may be a better representative estimate of
the parameters in a challenging condition, such as perturbed walking compared with the mean
values that traditionally being used in research [29]. Rispens et al. found a strong association
between extremes relating to high gait quality and fall risk during daily life walking. During
perturbed treadmill walking, extremes may better capture pronounced postural responses
after perturbations, and in turn may be more sensitive indicators of gait stability [29]. To the
best of our knowledge, there have been no studies to evaluate the response of extremes of gait-
related parameters to quantify postural stability during perturbed walking.
The first aim of this study was to examine the changes in a candidate set of spatiotemporal
gait and stability parameters in response to sudden unexpected multidirectional mechanical
perturbations. Secondly, we aimed to evaluate the most affected parameters of this set for
measuring the effect of perturbations on postural recovery responses. Means, variability, and
extremes of gait-related parameters were used to specify responses during perturbed treadmill
walking. We hypothesized that participants would exhibit: (1) alterations in spatiotemporal
gait parameters to enhance dynamic stability and (2) a greater effect of perturbations on
extremes and variability of measures, as compared to means.
Methods
Participants and experimental protocol
Ten healthy young adults (age: 26.4 ± 4.1 years, height: 1.7 ± 0.08 m, mass: 64.4 ± 12.5 kg, 7
females) participated in this study. All participants provided written informed consent and
the study was approved by the ethical committee of the Medical Faculty, Tu¨bingen University.
Recruited subjects had no experience of walking on the perturbation treadmill.
Participants walked on a perturbation treadmill (Balance Tutor, MediTouch, Netanya,
Israel) at the fixed speed of 1.11 ms-1 and were subjected to unexpected surface perturbations
in left, right, forward, and backward directions (Fig 1). The system has been described in detail
previously [30]. The treadmill platform is mounted on linear slides, which allow to translate it
in the lateral direction. Left and right perturbations were induced by automatically moving the
treadmill surface in ML-direction (12.8 cm and 1.5 ms-2). Forward and backward perturba-
tions were induced by acceleration and deceleration of the belt. To present the forward pertur-
bation, the belt speed accelerated toward 2.5 ms-1 and subsequently decelerated toward 1.1 ms-
1. The backward perturbation was presented by deceleration of the belt speed toward 0 ms-1
and subsequent acceleration toward 1.1 ms-1. First, the subjects completed 5 minutes (min) of
normal walking on the perturbation treadmill without perturbations to become familiar with
treadmill walking. The last min of the treadmill walking trial was used for data analysis (Nor-
mal) in order to measure the subject’s normal walking pattern. Afterwards, 4 trials of 1 min
perturbation treadmill walking were recorded. During each trial, participants were exposed
to a single perturbation in a specific direction in order to become familiar with perturbed
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walking. Subsequently, 4 trials of 5 min perturbation treadmill walking including a series of 16
perturbations towards a specific direction were recorded. The moment of all perturbations
was unpredictable. The time interval between perturbations ranged from 15–25 sec. All partic-
ipants walked in their comfortable sport shoes. Subjects always wore a loss safety harness to
prevent falls that prevented falls but did not restrict their gait.
Measurements and data analysis
Kinematic data were recorded at 200 Hz with an eight cameras motion capture system (Vicon
Motion System, Oxford, UK). A total of 39 reflective markers were placed at specific anatomi-
cal locations in accordance with the Plug-In-Gait marker set (Bodybuilder, Plug in Gait
model, Vicon Motion Systems, Oxford, UK). Motion data was analyzed using the Vicon
Nexus software (Version 2.5). The time frame of interest was 15 sec including 5 sec before and
10 sec after the perturbation.
Spatiotemporal gait parameters including step length, step width, and cadence were mea-
sured at the instant of the heel strike. Heel strike was identified as the local maxima of the posi-
tion of the heel markers in the AP-direction [31]. Stride length was defined as the AP-distance
between heel markers at the instant of heel strike plus the treadmill translation during the
stride. Step width was measured as the ML-distance between ankle markers at the moment of
heel strike. Cadence was calculated as the number of steps per minute.
Dynamic margins of stability were adapted from Hof et al. [5]. In this study, the extrapo-
lated center of mass (XCoM) was calculated as the position of the center of mass (CoM), plus
its velocity multiplied by the factor
ffiffiffiffiffiffiffiffi
lg   1
p
, where g was the acceleration of gravity and l was
the distance from the ankle marker of the trailing foot to the CoM at the instant of heel strike.
The margins of stability in the anterior-posterior direction (MoS-AP) were calculated as the
AP distance between the XCoM and the toe marker of the leading foot. The margins of stabil-
ity in the ML-direction (MoS-ML) were calculated as the lateral distance between the XCoM
and the ankle marker of the leading foot (Fig 1). MoS was calculated at heel strike for every
Fig 1. (A) A schematic drawing of the experimental setup. Forward and backward perturbations were induced by
acceleration and deceleration of the treadmill’s belt. Left and right perturbations were induced by moving the treadmill
surface in the ML-direction. Reflective markers were placed at specific anatomical locations in accordance with the plug-in-
gait marker set. (B) MoS-AP was defined as the AP distance between the XCoM-AP and the anterior boundary of the BoS,
defined by the leading toe marker (either RTOE or LTOE for the right and the left foot, respectively). MoS-ML was defined
as the ML distance between the XCoM-ML and the lateral boundary of the BoS, defined by the ankle marker (RANKL and
LANKL for the right and the left foot, respectively).
https://doi.org/10.1371/journal.pone.0195902.g001
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step during each time frame (~ 24 steps per each 15 sec time frame). All processing and analy-
ses were performed with custom MATLAB R2015a programs (Mathworks, Inc., Natic, USA).
Measured values were visually checked regarding plausibility and wrong values resulted from
an error in the calculations due to the disturbed trajectory of markers were removed for fur-
ther analyzing.
For each time frame of 15 sec treadmill walking, the mean from all steps performed was cal-
culated for each spatiotemporal gait parameter and MoS. Additionally, variability character-
ized as the standard deviation was calculated for each spatiotemporal gait parameter and MoS.
Thus, gait characteristics were measured as the mean (mn) and standard deviation (sd) of the
spatiotemporal gait parameters including stride length (SLmn and SLsd), step width (SWmn and
SWsd), and cadence (cadencemn and cadencesd). Dynamic stability was calculated as the mean
and standard deviation of MoS in AP- (MoS-APmn and MoS-APsd) and ML- (MoS-MLmn and
MoS-MLsd) directions.
In addition, extremes were estimated as the 10th and 90th percentiles of the stride length
(SLP10 and SLP90), step width (SWP10 and SWP90), and cadence (cadence P10 and cadence P90),
as well as MoS in AP- (MoS-APP10 and MoS-APP90) and ML- (MoS-MLP10 and MoS-MLP90)
directions.
Statistical analysis
Multiple measures of variable including the mean, variability, and extremes of the spatiotem-
poral gait parameters as well as MoS in ML- and AP-directions were reduced to the mean val-
ues for each walking condition. Paired t-test and corresponding confidence interval (CI) was
used to examine differences between normal walking and perturbed walking conditions. In
addition, the effect size of responses was calculated using Cohen’s d statistic (d) to describe the
strength of the effect of perturbation conditions on each measurement. Cohen’s d statistic was
defined as the mean difference between normal and perturbed walking conditions divided by
the standard deviation of changes between conditions.
All statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc.,
Cary, NC, USA) with a confidence interval of 95% for all comparisons.
Results
All subjects completed the experiment with no fall into the harness system during the pertur-
bation trials. In total, 116 left, 130 right, 141 forward, and 144 backward perturbations were
analyzed. The results for means, variabilities, and extremes of normal walking, as well as per-
turbed walking, are presented in Table 1. Also, results of statistical analyses including mean
differences of perturbed walking conditions relative to normal walking, as well as the associ-
ated CI and effect sizes (i.e., Cohen’s d statistic) are presented in Figs 2 and 3.
Means of gait parameters and dynamic stability
Overall, compared with unperturbed treadmill walking, participants walked with shorter
stride length, wider step width, and higher cadence during ML perturbations. However, the
effect of perturbations on SWmn was not statistically significant (Fig 2A, 2B and 2C). Exposure
to the right perturbation resulted in a significantly shorter stride length (Est. = -3.478, 95%
CI [-5.302, -1.652], d = -1.363). In left perturbation, participants tended to decrease their stride
length (Est. = -2.448, 95% CI [-5.101, 0.206], d = -0.66). However, there were no significant dif-
ferences in SLmn, SWmn, and Cadencemn during forward and backward perturbations com-
pared with unperturbed walking (Fig 2A, 2B and 2C).
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Similar to SLmn, exposure to right perturbation resulted in significantly shorter MoS-APmn
compared with unperturbed walking (Est. = -1.776, 95% CI [-2.665, -0.887], d = -1.429, Fig
3A). Also, MoS-APmn tended to decrease during left perturbation, however, the effect did not
reach to the significant level (Est. = -1.269, 95% CI [-3.093, 0.555], d = -0.498). The perturba-
tions had no significant effect on MoS-MLmn (Fig 3B).
Variability of gait parameters and dynamic stability
During all perturbation conditions, the variability of stride length, step width, and cadence
was significantly higher than during unperturbed walking (Fig 2D, 2E and 2F). Lateral pertur-
bations resulted in an increase in the variability of stride length and step width than forward
and backward perturbations. However, the strength of the effect on stride length variability
appeared high during all perturbation conditions (Left: Est. = 4.352, 95% CI [3.091, 5.613],
d = 2.468; Right: Est. = 5.784, 95% CI [4.271, 7.298], d = 2.733; Backward: Est. = 1.955, 95%
CI [1.278, 2.632], d = 2.066; Forward: Est. = 3.331, 95% CI [2.488, 4.175], d = 2.826, Fig 2D).
On the other hand, the results of SWsd exhibited stronger effect of lateral perturbations than
forward and backward perturbations (Left: Est. = 1.609, 95% CI [1.261, 1.958], d = 3.307;
Right: Est. = 1.299, 95% CI [1.073, 1.526], d = 4.109; Backward: Est. = 0.448, 95% CI [0.142,
0.754], d = 1.048; Forward: Est. = 0.495, 95% CI [0.053, 0.937], d = 0.801, Fig 2E).
Table 1. Results for spatiotemporal gait parameters and margins of stability during different walking conditions (mean and SD; n = 10).
Condition
Normal Left Right Backward Forward
Stride length [cm]
Mean 128.83 ± 8.68 126.38 ± 7.56 125.35 ± 7.98 129.59 ± 7.54 127.61 ± 7.56
Variability 2.08 ± 0.48 6.43 ± 1.75 7.86 ± 1.98 4.03 ± 0.78 5.41 ± 1.09
P10 126.32 ± 8.55 121.65 ± 6.61 121.52 ± 7.53 125.82 ± 7.25 122.62 ± 7.76
P90 131.54 ± 8.78 131.34 ± 8.00 130.53 ± 8.40 133.08 ± 8.09 132.18 ± 8.14
Step width [cm]
Mean 20.97 ± 2.92 21.71 ± 3.30 21.69 ± 3.51 21.74 ± 3.22 21.14 ± 3.32
Variability 1.57 ± 0.39 3.18 ± 0.53 2.87 ± 0.38 2.02 ± 0.60 2.06 ± 0.72
P10 19.06 ± 2.86 18.56 ± 3.29 18.62 ± 3.70 19.29 ± 3.42 18.53 ± 3.46
P90 22.96 ± 3.03 25.19 ± 3.29 24.87 ± 3.34 24.49 ± 3.46 23.78 ± 3.52
Cadence [steps/min]
Mean 103.96 ± 5.49 106.26 ± 6.26 107.14 ± 6.67 103.70 ± 5.72 105.08 ± 5.94
Variability 1.45 ± 0.40 4.83 ± 2.28 5.81 ± 1.76 2.50 ± 0.44 4.87 ± 1.35
P10 102.14 ± 6.63 102.81 ± 6.27 103.28 ± 6.33 101.06 ± 5.73 101.64 ± 5.89
P90 105.85 ± 6.64 110.96 ± 6.87 112.19 ± 7.09 106.25 ± 5.62 108.39 ± 5.81
MoS-ML [cm]
Mean 8.89 ± 1.24 9.17 ± 1.41 9.07 ± 1.48 9.19 ± 1.38 8.92 ± 1.51
Variability 0.67 ± 0.16 1.43 ± 0.27 1.42 ± 0.18 0.97 ± 0.24 1.03 ± 0.20
P10 8.01 ± 1.30 7.73 ± 1.25 7.75 ± 1.58 8.05 ± 1.38 7.83 ± 1.39
P90 9.76 ± 1.26 10.62 ± 1.61 10.48 ± 1.46 10.42 ± 1.53 10.13 ± 1.62
MoS-AP [cm]
Mean 9.38 ± 2.86 8.11 ± 2.39 7.61 ± 2.35 9.67 ± 2.64 8.81 ± 2.66
Variability 0.96 ± 0.25 3.37 ± 1.01 2.89 ± 0.55 1.62 ± 0.51 3.94 ± 0.48
P10 8.17 ± 3.00 4.78 ± 2.55 3.67 ± 2.57 7.78 ± 2.99 6.41 ± 2.41
P90 10.62 ± 2.69 11.01 ± 2.34 10.07 ± 2.17 11.32 ± 2.46 11.33 ± 2.74
https://doi.org/10.1371/journal.pone.0195902.t001
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Fig 2. Difference of means, variability, and extremes of spatiotemporal gait parameters during perturbed walking conditions relative to normal walking.
Difference of means of (A) stride length, (B) step width, and (C) cadence. Difference of variability of (D) stride length, (E) step width, and (F) cadence. Difference of
10th percentile of (G) stride length, (H) step width, and (I) cadence. Difference of 90th percentile of (J) stride length, (K) step width, and (L) cadence. d indicates
Cohen’s d statistic effect size. Error bars indicate confidence intervals. () indicates statistically significant differences from Normal walking.
https://doi.org/10.1371/journal.pone.0195902.g002
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Fig 3. Difference of means, variability, and extremes of dynamic stability during perturbed walking conditions
relative to normal walking. Difference of means of (A) MoS-AP and (B) MoS-ML. difference of variability of (C)
MoS-AP and (D) MoS-ML. difference of 10th percentile of (E) MoS-AP and (F) MoS-ML. difference of 90th percentile
of (G) MoS-AP and (H) MoS-ML. d indicates Cohen’s d statistic effect size. Error bars indicate confidence intervals. ()
indicates statistically significant differences from Normal walking.
https://doi.org/10.1371/journal.pone.0195902.g003
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Similar to the results of gait parameters, the dynamic stability exhibited significantly greater
variability during all perturbation conditions relative to unperturbed treadmill walking
(Fig 3C and 3D). However, forward perturbation had greater effect on MoS-APsd than on
MoS-MLsd (Est. = 2.979, 95% CI [2.607, 3.351], d = 5.729 and Est. = 0.371, 95% CI [0.204,
0.537], d = 1.591, respectively).
Extreme values
The results for extremes of spatiotemporal gait parameters showed no significant differences
between SLP90, SWP10, and CadenceP10 during perturbation walking conditions compared
with unperturbed treadmill walking (Fig 2J, 2H and 2I). SLP10 during lateral and forward per-
turbations was significantly shorter than during unperturbed walking (Left: Est. = -4.663, 95%
CI [-7.624, -1.702], d = -1.127; Right: Est. = -4.794, 95% CI [-7.017, -2.572], d = -1.543; For-
ward: Est. = -3.699, 95% CI [-6.192, -1.205], d = -1.061, Fig 2G). Also, SWP90 significantly
increased during lateral and backward perturbations (Left: Est. = 2.239, 95% CI [1.132, 3.347],
d = 1.447; Right: Est. = 1.913, 95% CI [0.879, 2.948], d = 1.323; Backward: Est. = 1.534, 95%
CI [0.389, 2.679], d = 0.958, Fig 2K). In addition, cadenceP90 during sideway and forward per-
turbations was significantly greater than during unperturbed walking, however the effect of
lateral perturbations was stronger compared with backward perturbation (Left: Est. = 5.11,
95% CI [2.253, 7.968], d = 1.279; Right: Est. = 6.349, 95% CI [4.148, 8.549], d = 2.064; Forward:
Est. = 2.549, 95% CI [0.531, 4.568], d = 0.904, Fig 2L).
Similar to the results of step width, MoS-MLP90 during lateral and backward perturbations
was significantly larger than during unperturbed walking (Left: Est. = 0.861, 95% CI [0.307,
1.414], d = 1.112; Right: Est. = 0.714, 95% CI [0.297, 1.131], d = 1.225; Backward: Est. = 0.656,
95% CI [0.016, 1.297], d = 0.733, Fig 3H). However, the results of MoS-MLP10 showed no
significant change between perturbed and unperturbed gait (Fig 3F). Also, MoS-APP90 was
not significantly different between perturbed and unperturbed treadmill walking (Fig 3G),
whereas MoS-APP10 during ML perturbation was significantly greater than during unper-
turbed walking (Left: Est. = -3.401, 95% CI [-5.484, -1.318], d = -1.168; Right: Est. = -4.505,
95% CI [-5.868, -3.142], d = -2.364, Fig 3E).
Discussion
In this study, we found that spatiotemporal gait parameters, as well as MoS, were affected dur-
ing exposure to AP- and ML- perturbations depending on the direction of the perturbations.
Participants took shorter, wider, and faster steps in order to increase their dynamic stability
in balance recovery during walking. More noteworthy was the increase in variability of these
parameters relative to unperturbed walking. These effects were also found to be significantly
greater when the perturbations were applied in the ML-direction.
Interestingly and as one might have expected by theory, the response of stride length (i.e.
AP response of spatial gait parameters) and MoS-AP (i.e. AP response of dynamic stability)
exhibited the same pattern of response to perturbations. Similarly, the response pattern of step
width (i.e. ML response of spatial gait parameters) and MoS-ML (i.e. ML response of dynamic
stability) appeared comparable. In addition, the response pattern of cadence (i.e., temporal
gait parameter) was reversely the same as that for stride length. Based on the theoretical mod-
els, in which the human body during walking is modeled as a simple inverted pendulum,
cadence, stride length, and walking speed cannot be adapted independently from each other
[5,6,8,32]. In the present study, subjects walked on the treadmill with a fixed walking speed,
therefore cadence was adapted according to the stride length.
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Previous studies showed decreases in stride length, increases in step width and cadence
with increasing perturbation intensity [9–11,33]. In this study, subjects exhibited shorter,
larger, and faster steps during ML than AP perturbations, suggesting that ML perturbations
were more challenging than AP perturbations, which is consistent with McIntosh et al. who
used ML and AP overground platform perturbations during walking [34]. However, they
quantified responses by CoM displacement and velocity, thus it remained unknown to what
extent the stability of gait was affected by perturbations.
In line with previous studies, MoS-AP significantly decreased in response to ML perturba-
tions [12]. MoS-AP is defined as the distance between the AP boundaries of the base of support
(BoS) and XCoM. Shorter and faster steps, which bring the CoM closer to the moving BoS,
improved stability in AP-direction [7,9,32,33]. Conversely, MoS-ML slightly increased in
response to applied perturbations implies a decrease in risk of falling [9,12]. Similar to the pre-
vious studies, our results show that lateral dynamic stability was controlled by taking slightly
wider steps to maintain stable walking during the perturbed walking [6,9,12]. The MoS in
ML direction is defined as the distance between the ML borders of the BoS and XCoM. Thus,
increased step width resulted in an increase in MoS-ML [9,20].
Perturbations had a strong effect on variabilities, indicating that step irregularity is a spe-
cific characteristic of walking adaptability during perturbed walking [10,11,13,21]. Our results
suggest that looking at the variability of parameters over a series of steps is a responsive mea-
sure of gait adaptations happening during perturbed walking. Importantly, it should be noted
that in this method, the effect of the perturbations on the mean of the parameters could be
smeared out, since it was measured over a series of steps and not over every single step after
the perturbation. Despite limited responsiveness for measuring the effects on means, the
presented approach of capturing the variability may represent a useful measure in future stud-
ies estimating fall risk in fall-prone populations. For instance, in a recent study, Punt et al.
reported no difference between fallers and non-fallers ability to cope with perturbation when
measuring mean of the parameters over every single step following the perturbation [28]. In
their study, the effect of the perturbations on gait variability over series of steps (i.e. fluctua-
tions) was not investigated, which might be helpful in providing additional information to dis-
criminate between fallers and non-fallers. Our findings of high responsiveness of variability
parameters are in agreement with Terry et al. who reported variabilities of CoM position
and step width as the most sensitive parameters in response to continuous visual and mechani-
cal perturbations toward ML-direction [13]. Also, in a recent study, Stokes et al. reported a
more profound effect of continuous visual ML perturbations on variabilities of step width, step
length, and trunk sway [11].
Significantly greater variability in response to ML perturbations indicates that to maintain
stability, participants needed to exert greater control in response to ML perturbations
[10,21,35]. The variability of SL was strongly affected by both ML and AP perturbations,
whereas the effect of ML perturbations on the variability of SW was much greater than the
effect of AP perturbations. MoS variability increased during all perturbed walking conditions.
However, similar to variabilities of gait parameters, the variability of MoS was also greater for
ML perturbations, as reported previously [12], reflecting the increased fluctuations in the
placement of protective stepping after the onset of the perturbation in order to enhance stabil-
ity [27]. Additionally, the variability of MoS-AP during the forward perturbation increased
which was also reported by Young et al., demonstrating higher fluctuations of MoS-AP in the
forward direction [12]. In the present study, gait instability was analyzed using an approach
similar to that used by Lipsitz et al. [36] measuring heart rate variability and by Hausdorff et al.
[37] measuring gait variability. The higher variability (i.e., more fluctuations) during and
immediately after recovery stepping may be referred to as unsteadiness. In this sense, the
The effects of unexpected mechanical perturbations on spatiotemporal gait parameters and dynamic stabiity
PLOS ONE | https://doi.org/10.1371/journal.pone.0195902 April 19, 2018 10 / 15
variability of gait and stability parameters may be used as a marker of unsteadiness, instability,
and fall risk. This should be further explored by applying this method in older adults and
impaired population since not all variability is a mark of poor locomotor control. As in heart
rate variability, some variability may reflect adaptability and be beneficial especially after an
unexpected loss of balance. Indeed, the ability to adapt gait when negotiating unexpected haz-
ards is crucial to maintain stability and avoid falling [38]. In the present study, the healthy
young participants experienced no difficulty and no fall during perturbed walking. Thus, the
high variability may show the ability of the young subjects to adapt the gait pattern which may
be a healthy behavior to respond to unexpected perturbation. This initial work suggests that
just as there is much to be gained by investigating gait and heart rate dynamics, above and
beyond the study of the average heart rate and gait dynamics, similar investigations of step
dynamics after an unexpected loss of balance may provide insight into postural stability and
may also have clinical applications.
ML perturbations resulted in a deviation from the straight walking trajectory. Conse-
quently, a lateral step or a crossing step was necessary to prevent sideward fall. Probably,
increasing the step width causing increased MoS-ML which results in decreasing the risk of a
sideward fall was prioritized above the stability in AP-direction. Therefore, participants in this
study increased the variability of AP responses as well as ML responses to compensate for the
higher risk of fall following the ML perturbations by taking wider and shorter steps. But AP
perturbations resulted in an interruption of the forward progression. In this case, the risk of
fall in backward and forward direction could decrease, respectively, by taking a backward
or a fast and short forward step which resulted in the higher effect on the variability of AP
responses than on ML responses. This observation suggests that presenting the ML perturba-
tions affected stability in both ML- and AP-directions with a stronger effect in sideway fall
than AP falls, and AP perturbations resulted in a stronger effect in the direction of the pre-
sented perturbation.
Backward perturbation reduced the distance between the anterior border of the BoS and
the XCoM thus increased MoS-AP. It should be noted that increase in MoS-AP simultaneously
might have the disadvantage increasing the risk of a backward loss of balance. Consequently,
subjects took wider steps to recover stability. The increased step width during backward per-
turbation resulted in a greater MoS in ML-direction. However, the results of backward pertur-
bation in this study should be interpreted with some cautions. Backward perturbations were
presented by deceleration of the treadmill belt, which was accompanied by a sudden stop in
the belt movement. Thus, gait cycles included in the backward perturbation consisted of gait
cycles before and after the belt stop, and motion’s frames related to the stop of the belt were
excluded from the analysis.
Extremes related to ‘high gait quality’ (HGQ) contain information about the best possible
performance in the high-risk situation, whereas extremes related to ‘low gait quality’ (LGQ)
contain information about responding to the risk which is related to the more demanding situ-
ations [29]. Therefore, together with the findings of this study, HGQ parameters are related to
responses which show larger stride length (SLP90), shorter step width (SWP10), lower cadence
(cadenceP10), higher MoS-AP (MoS-APP90), and lower MoS-ML (MoS-MLP10). While, LGQ
parameters are expected to represent subject’s responses in the high-risk situations (i.e. during
perturbations) which show shorter stride length (SLP10), larger step width (SWP90), higher
cadence (cadenceP90), lower MoS-AP (MoS-APP10), and higher MoS-ML (MoS-MLP90).
HGQ parameters during perturbed walking exhibited no difference with that of normal
walking. Thus, they showed no sensitivity to perturbations. As suggested by Rispens et al., per-
haps the HGQ extremes are an accurate estimation of the individual’s capacities and do not
capture the effect of perturbations [29]. Therefore, they showed the capacity and the best
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performance of young healthy adults in response to perturbations which exhibited no differ-
ence with normal walking.
Interestingly, the results of LGQ for all parameters were similar with the results of means
and showed the same response pattern. However, the effect of LGQ of parameters was some-
what more significant and stronger compared to means. Thus, it seems that LGQ were more
responsive and might be representative of the effect of unexpected perturbations.
There are some limitations in this study. First, due to technical limitations of the treadmill,
all expected numbers of perturbations were not presented. Second, trials were not presented in
a randomized order, therefore, the results of each condition could be influenced by learning of
the previous condition. However, this fact does not interfere with the findings of this study
since the main goal of this exploratory experiment was to find the effect of perturbations on
spatiotemporal gait and dynamic stability parameters in order to evaluate the most sensitive
measures which can better represent the effect of perturbations. Third, the data came from a
fairly small sample of relatively healthy young adults. Thus there is a need to investigate larger
sample sizes and explore older and "weaker" populations. Forth, there was no reflective mark-
ers attached to the treadmill. Consequently, the exact frame in which the perturbation was
presented was undetectable. To address this limitation, all parameters were measured over a
series of recovery steps and not over every single step after the perturbation. In this study, the
extreme of the parameters may have captured the immediate effect of the perturbations on
the parameters. Therefore, the present approach may potentially capture both the local effects
(extremes) and the fluctuations over a series of steps (variability), although this needs to be val-
idated in future studies. The detected information on extremes and variability of the parame-
ters should be clinically validated as a fall risk assessment by applying this method on fall-
prone populations. We acknowledge that the method of measurement over series of steps
from a perturbation trial arose some limitations such as missing the subtleties that happen
around the single steps following the perturbation. While the approach of analyzing a series of
steps provided interesting information about the variability, it may smear out the effects of
means. Therefore, the effect of the perturbations on the immediate steps after the perturba-
tions should be investigated in future studies. In addition, the moment of the perturbation was
adjusted to mid-stance of the left foot. However, there was a delay in triggering of the pertur-
bations due to limitations in the setup of the treadmill device and since we could not detect
the frame in which the perturbation was presented, the exact moment of the perturbations
could not be determined. Thus, some cautions in interpreting the results should be taken into
account, considering that depending on the moment of the perturbation within the gait cycle
the response is different.
Conclusions
The results show that the increase in cadence and step width, as well as the decrease in stride
length, are strategies to increase MoS, and thus to decrease the probability of falling in the
presence of perturbations. The present study also suggests that frontal plane fluctuations (ML
variability) are more variable compared with AP variability. Thus, the variability of responses
depends not only on the status of the individuals but also depends on the type and direction of
the perturbation. The participants were more sensitive to ML perturbations than to AP pertur-
bations which shows the importance of including ML perturbations in assessment protocols.
Variabilities, as well as extremes of gait-related parameters, showed strong responses for mea-
suring the effects of perturbations. Therefore, measuring variabilities and extremes of the
parameters in addition to means can help to better understand balance control strategies and
may be used as a marker of unsteadiness, instability, and fall risk. Further studies need to
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evaluate whether similar postural responses exist in older adults with different balance control
abilities, such as between fallers and non-fallers. In this context, this study can be useful for
designing advanced stability and gait evaluation and for introducing novel assessment proto-
cols for estimating fall risk.
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Abstract 
Walking in a natural environment requires constant gaze-shifting (e.g. scanning obstacles). It 
may lead to gait alterations and increased fall-risk, especially in elderly. Our purpose was to 
determine the gait characteristics of healthy young and older adults during gaze-shifting while 
treadmill-walking. Eleven young (age: 25 ± 4.5 years, 3 females) and 13 older (age: 72 ± 3.9 
years, 6 females) adults performed normal treadmill-walking (no visual-triggers) and then 
treadmill-walking while rapidly gaze-shifting to randomly presented visual-triggers. A 
multilevel linear regression model was used to assess changes in a set of gait parameters 
between subject groups and walking conditions: normal walking, one gait cycle before (Pre-
Cycle), and after (Post-Cycle) each triggering during gaze-shift walking. Comparing Pre-Cycle 
to normal walking, young adults showed no instability-related changes in their gait but older 
adults showed a more cautious gait with shorter step length (Est. = -1.59cm [95% CI: -2.2cm; 
-0.9cm]), reduced step width (Est. = -0.8cm [95% CI: -1.1cm; -0.6cm]), increased step 
frequency (Est. = 0.04 1/s [95% CI: 0.03 1/s; 0.05 1/s]), decreased maximum toe clearance 
(Est. = -0.3cm [95% CI: -0.4cm; -0.2cm]), and 30% higher minimum toe clearance variability. 
During Post-Cycle compared to Pre-Cycle, direct effects of gaze-shifts on gait parameters were 
significant but rather small. This experiment shows an influence of gaze-shifts on gait in both 
groups, although, the effect is larger in the older which might therefore need more 
compensation compared to the young adults. Present insights may facilitate the development 
of specific training paradigms to improve the oculomotor-locomotor interaction. 
 
Keywords: gaze-shifting; treadmill walking; perturbation; age; gait parameters. 
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1. Introduction 
Gaze is the direction of sight within the world frame of reference. With a gaze shift the world 
object’s image coordinates on the retina change within the retinal frame of reference. Shifting 
gaze during walking in a natural environment is performed constantly (e.g. observing 
surrounding or to scan the pathway for obstacles) and may lead to alterations in gait and 
increased fall risk, especially in older adults. A stable reference frame which is provided by 
integrating sensory information is an important contribution to stable locomotion (Cinelli, 
Patla, & Stuart, 2008; M. A. Hollands & Marple-Horvat, 2001; C. Paquette, Paquet, & Fung, 
2006). Due to age-related deteriorations in motor and sensory systems, gaze reorienting may 
result in less stable locomotion leading to falls (Berard, Fung, McFadyen, & Lamontagne, 
2009; Cinelli et al., 2008; M. R. Paquette & Vallis, 2010). Considering the frequent occurrence 
of gaze shifting while walking in daily life, it is important to understand the potential problems 
with gaze shifts on locomotion in the older as compared to the young individuals. These age-
related differences may have significant implications for fall preventive exercise interventions 
in older persons.  
Gait parameters have been extensively used to assess adaptive strategies under challenging 
circumstances (Francis, Franz, O’Connor, & Thelen, 2015; Grabiner, Biswas, & Grabiner, 
2001; Hak et al., 2012; Latt, Menz, Fung, & Lord, 2008; M. R. Paquette & Vallis, 2010; 
Richardson, Thies, DeMott, & Ashton‐Miller, 2004). In general, older adults adapt their stable 
gait by taking slower and shorter steps compared to young adults. Also, the variability of a 
number of gait parameters increases in older subjects, suggesting a higher risk of falls 
(Callisaya et al., 2011; Maki, 1997; Owings & Grabiner, 2004). Minimum toe clearance (Min-
TC) and increased variability of Min-TC seems particularly important during a trip or fall 
(Barrett, Mills, & Begg, 2010; Winter, 1992) and a low Min-TC combined with a high Min-
TC variability can potentially cause tripping (Begg, Best, Dell’Oro, & Taylor, 2007).  
Previous studies that investigated adaptive strategies during a visually guided change in travel 
direction (M. Hollands, Sorensen, & Patla, 2001) or to avoid an obstacle (Lo, van Donkelaar, 
& Chou, 2015; M. R. Paquette & Vallis, 2010) have also suggested different strategies between 
the young and the old individuals. Recent work showed changes in various gait parameters in 
response to head turn walking in older adults with lower versus greater lateral balance (Singh 
et al., 2017) but neither analysis of age effect nor variability of gait parameters was performed. 
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Further, to our knowledge, there has been no study to examine the direct effects on 
characteristics (“reaction”) of the step immediately after gaze-shifting.    
The purpose of this study was to describe the influence of gaze shifts on a set of gait parameters 
and their variabilities in healthy young and older individuals in order to discuss potential 
adaptive strategies used for compensation. Therefore, individuals walked on a treadmill while 
shifting their gaze to fixate on visual targets. We hypothesized that gait characteristics would 
show more deficit in older adults in response to gaze-shifting than young, and changes would 
be more obvious during one gait cycle after visual triggering. 
 
2. Methods 
Subjects and design 
The present study is a part of a large cross-sectional experiment (Srulijes et al., 2015). Eleven 
healthy young (age: 25 ± 4.5 years, height: 175 ± 5.6 cm, mass: 74 ± 11 kg, 3 females) and 13 
healthy older adults (age: 72 ± 3.9 years, height: 170 ± 8.9 cm, mass: 75 ± 16 kg, 6 females) 
were recruited with the support of the office of Sport and Exercise, city of Stuttgart, Germany 
and the Bosch BKK health insurance. Included were individuals with a global cognitive test 
(Montreal Cognitive Assessment [MoCA] score ≥ 26. Exclusion criteria were neurological or 
psychiatric disorders, drug abuse, ophthalmologic disorders, extremity prosthesis, arthritis or 
musculoskeletal injuries in the past 3 months, and visual correction by glasses stronger than ±3 
dpt. The study was approved by the local ethics committee (University of Tuebingen, 
602/2012BO1) and was in agreement with the Declaration of Helsinki. All subjects gave 
written informed consent. 
 
Experimental set-up  
All subjects first went through clinical assessment including clinical data like sex, age, body 
mass index, assessment of global cognition using the Montreal Cognitive Assessment (MoCA) 
(Nasreddine et al., 2005), assessment of habitual overground walking speed and an sensor-
based assessment of the timed up and go test (iTUG 3m)  using a wearable sensors system 
(APDM Inc, Portland).  
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All subjects then walked on a treadmill (h/p/cosmos venus, sport medical GmbH, Germany) 
after a familiarization time for treadmill walking.   
Figure 4.1 shows a schematic view of the experimental set-up. Seven light emitting diodes 
(LEDs) were arranged at fixed positions at the center (0°) together with 
left and right side (30°,45°, and 60°) at a distance of 120 cm with an adjustable height of the 
LEDs to the level of each participant’s eyes. The LEDs were controlled using a programmable 
microcontroller. Stimulus presentation time was 500ms to provoke rapid gaze shifts. 
A 6-camera motion capture system (Vicon Motion System, Oxford, UK) was used to collect 
kinematic data at 200 Hz. Each subject wore 15 reflective markers (head front-/top-/back; first 
metatarsal head and the heel on each foot, one reference marker on the fifth metatarsal head of 
the right foot; trunk at jugulum, 7th cervical vertebra, and 5th lumbar vertebra; two on each wrist 
(Figure 1B). 
 
Experimental protocol 
First, subjects walked without any visual triggering (Normal-walking) at their comfortable 
speed for 30 to 40 seconds. Then, subjects performed two blocks of gaze-shift walking at the 
same gait speed. Each block consisted of the presentation of 30 unpredictable LED 
illuminations at the given positions [5 triggering × 6 conditions] with varying inter-stimulus 
intervals of 2-6s. Participants were asked to always fixate the central LED (0°) during walking 
unless asked to move their gaze towards the eccentric LEDs “as fast as possible” whenever 
they appeared. All subjects wore a safety harness to prevent injury due to falls.  
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Figure 1. (A) Schematic presentation of the experimental setup. Subjects walked on a treadmill 
while seven LEDs were arranged in front of the participants. One LED was positioned at 0° 
and the remaining were positioned at 30°, 45°, and 60°. Subjects were asked to fixate the central 
LED (0°) during walking. Whenever peripheral LEDs appear, subjects were asked to fixate the 
LEDs “as fast as possible” and after each fixation to re-fixate the central LED. Each participant 
has presented a total of 60 LED triggerings (30 triggerings for each triggering block). A 6-
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camera Vicon motion capture system was used to collect kinematic data. (B) Placement of 15 
reflective markers on the body. 
 
Measurements and data analysis 
Motion data were analyzed using the Vicon Nexus software (Version 1.5.2). Marker’s data 
were low-pass filtered using a 4th order Butterworth filter and a cut-off frequency of 10 Hz.  
With the aim of using data during steady-state gait speed, the last 25 seconds (~15-20 gait 
cycles) of walking at comfortable speed were used as a reference walking (normal walking) 
(Lindemann et al., 2008). One gait cycle before the triggering (Pre-Cycle) and one gait cycle 
after the triggering (Post-Cycle) were determined (Figure 2), by synchronizing the VICON data 
with the stimulus presentation. 
Figure 4.2 schematically illustrates gait-related parameters. Individual strides were defined by 
consecutive heel-strikes of the right foot, determined as the local maximum of the position of 
the heel marker in the AP-direction (Zeni, Richards, & Higginson, 2008). Stride length (SL) 
was measured as the AP-distance between heel markers at the instant of heel-strike plus 
treadmill translation during the stride. Step width (SW) was calculated as the ML-distance 
between heel markers at the moment of heel-strike. Step frequency (SF) was determined as the 
inverse of the duration between two subsequent heel-strikes.  
Min-TC was measured at the local minimum of the vertical trajectory of the toe marker during 
mid-swing phase. When no local minimum occurred, Min-TC was measured at the moment in 
which the forward velocity of the foot was maximum. Maximum toe clearance (Max-TC) was 
measured as the highest vertical displacement of each foot before heel-strike (Figure 2B).  
The mean and variability (i.e. the standard deviation) of parameters were calculated for each 
participant during normal-walking as well as Pre-Cycles and Post-Cycles during gaze-shift 
walking. All processing was performed with custom-written MATLAB R2015a programs 
(Mathworks, Inc., Natic, USA). 
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Figure 2. (A) Schematic presentation of analyzed gait cycles including the gait cycles during 
which the triggering was presented (Trg-Cycle), one gait cycle before the triggering (Pre-
Cycle), and one gait cycle after the triggering (Post-Cycle). Stride length was measured as the 
AP-distance between heel markers at the instant of heel strike plus treadmill translation during 
the stride. Step width was calculated as the ML-distance between heel markers at the moment 
of heel strike. (B) The vertical trajectory of the toe marker during swing phase. Time is 
presented as the normalized time to the time interval of swing phase. Min-TC was measured at 
the local minimum of the vertical trajectory of the toe marker which occurs during mid-swing 
phase. Max-TC was measured as the highest vertical displacement of each foot before heel 
strike. 
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Statistical analysis 
All statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc., 
Cary, NC, USA). Statistical significance was declared if p≤0.05. 
A t-test was used to compare normally distributed data of SW, SF, Min-TC, and Max-TC at 
the left and the right steps. There was no significant difference between parameters of the left 
and the right sides, therefore, an average of the left and the right sides for these parameters 
were used for the analysis.   
To account for the repeated measurement structure, multilevel linear regression analyses were 
performed with the gait-cycle on the first level and the subjects on the second level. We 
assessed differences in the means of parameters between age groups (i.e., young and old) and 
for the gait cycles during walking conditions (i.e., Normal-walking, Pre-Cycles, Post-Cycles). 
Intercepts and subjects were allowed to vary randomly. Additionally, the differences in the 
individual standard deviation for each parameter between age groups (i.e., young and old) and 
for the gait cycles during walking conditions were calculated using linear regression models. 
Main effects, as well as their interactions, were included in the model. Paired comparisons were 
performed as post-hoc tests. 
 
3. Results  
Clinical and demographic data are presented in Table 1. All subjects completed the experiment 
with no fall. In total, 408 normal-walking gait cycles, and 1440 Pre-Cycles, as well as Post-
Cycles, were extracted. Two subjects showed no Min-TC in their swing phase over 178 gait 
cycles, therefore, the corresponding data was removed from the analysis. Table 2 illustrates the 
comparison of differences of least squares means of gait parameters comparing walking 
conditions in young and older adults. The differences of the mean values as well as the 
individual standard deviations of each parameter are shown in Figure 3 (A, C, E, G, I) and 
Figure 3 (B, D, F, H, J), respectively.   
As general observations independent of the effects of the gaze-shifting experiment, older adults 
walked with shorter SL (Est. = -21.60cm [95% CI: -29.7cm; -13.5cm]) and with about 30-40 
% lower Max-TC (Est. = -3.18cm [95% CI: -4.5cm; -1.9cm]) compared to young adults during 
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all walking conditions. However, no significant experiment unrelated differences between 
young and older adults were observed for the other parameters (SW, SF, and Min-TC). 
 
Table 1. Clinical and demographical characteristics of the participants. 
 Young adults Older adults 
N 11 13 
Female/Male  3/8 6/7 
Age [years] 25 ± 4.5 72 ± 3.9 
Height [cm] 175 ± 5.6 170 ± 8.9 
Body mass [kg] 74 ± 11 75 ± 16 
MoCA score 30 (27-30) 27 (26-29) 
iTUG 3m [sec] 9.9 ± 0.8 10.8 ± 1.3 
Habitual gait speed [m/s] 1.4 ± 0.1 1.3 ± 0.1 
Values are presented in mean ± Standard deviation and median (range); MoCA= Montreal 
Cognitive Assessment; i TUG= sensor-based timed up and go test. 
 
 
Table 2. Comparison of differences of least squares means of gait parameters in young and 
older adults. 
 General effects of the 
gaze-shift experiment 
 
  Direct effects of the  
gaze-shift 
 Pre-Cycle vs normal   Post-Cycle vs Pre-Cycle 
 young 
adults 
older 
adults 
  young 
adults 
older 
adults 
mean 
Step length  → ↓   ↓ ↓ 
Step width  ↓ ↓    → ↑ 
Step frequency → ↑   ↑ ↑ 
Minimum toe clearance ↓ →   → ↑ 
Maximum toe clearance ↑ ↓   ↓ → 
Presentation of significant differences of least squares means of gait parameters in young and 
older adults. Significance level p ≤ 0,05. ↑ = increase; ↓ = decrease; → = no change; red = 
marks the difference in the behaviour between young an old after a gaze-shift; green = marks 
the difference in the behaviour between young and old comparing normal walking and gaze-
shift walking; normal = walking without presentation of visual stimuli; Pre-Cycle = gait cycle 
before visual trigger presentation while gaze shift walking; Post-Cycle = gait cycle after visual 
trigger presentation while gaze shift walking. 
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Figure 3. The results of the mean and variability of parameters during different walking 
conditions. (+) represents significant difference between young and old group under the same 
walking condition, p≤0.05. (*) represents significant difference with normal-walking condition 
for the same age-group, p≤0.05. (§) represents significant difference between Pre-Cycle and 
Post-Cycle for the same age-group, p≤0.05. ( 
+෥ ) represents the overall significant difference between young and old groups, p≤0.05.  ( 
∗෤) represents overall significant difference with the normal walking condition, p≤0.05. ( 
§෨) represents the overall significant difference between Pre-Cycle and Post-Cycle, p≤0.05. 
 
 
Comparison of Pre-Cycle with Normal walking 
Means of gait parameters in young adults 
SL and SF of young adults were mainly uninfluenced by the task of walking while shifting 
gaze. During Pre-Cycle gaze-shift walking, they walked with narrower base of support (SW: 
Est. = -1.4cm [95% CI: -1.7cm; -1.1cm]), decreased Min-TC (Est. = -0.26 [95% CI: -0.3; -0.2]) 
and increased Max-TC (Est. = 0.7cm [95% CI: 0.6cm; 0.9cm]) compared to normal walking. 
3.1.2. Means of gait parameters in older adults 
Means of parameters changed relevantly in older adults during Pre-Cycle. Older adults walked 
then with shorter SL (Est. = -1.59cm [95% CI: -2.2cm; -0.9cmc]), reduced SW (Est. = -0.8cm 
[95% CI: -1.1cm; -0.6cm]) and increased SF (Est. = 0.04 [95% CI: 0.03; 0.05]), compared to 
normal walking. Moreover, older adults also decreased Max-C (Est. = -0.3cm [95% CI: -0.4cm; 
-0.2cm]).  
 
Variability of gait parameters 
No significant difference could be observed between age groups during normal walking; 
However, Min-TC variability was about 30% higher in older adults during Pre-Cycle compared 
to normal walking, whereas young adults did not show a relevant change in Min-TC variability. 
Gaze-shift walking had no significant effect on the variability of SF, SW, and Max-TC during 
Pre-Cycle. 
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Comparison of Pre-Cycle with Post-Cycle   
Means of gait parameters in young adults 
Comparing gait parameters during Post-Cycle with Pre-Cycle, young adults decreased their SL 
(Est. = -0.66cm [95% CI: -1.1cm; -0.2cm]), increased their SF (Est. = 0.01 1/s [95% CI: 0.002 
1/s; 0.02 1/s]), and lowered their Max-C (Est. = 0.11cm [95% CI: 0.02cm; 0.2cm]). SW and 
Min-TC showed no significant changes. 
 
Means of gait parameters in older adults 
Similar to the young group, older adults decreased their SL (Est. = 1.74cm [95% CI: -1.3cm; 
2.2cm]) and increased SF (Est. = -0.02 1/s [95% CI: -0.02 1/s; -0.01 1/s]) during Post-Cycle 
compared to Pre-Cycle. However, they increased SW (Est. = 0.4cm [95% CI: 0.2cm; 0.6cm]) 
and Min-TC during Post-Cycle compared to Pre-Cycle (Est. = 0.1cm [95% CI: 0.06cm; 
0.13cm]). 
 
Variability of gait parameters 
Regardless of the age group, the variability of SW significantly increased during Post-Cycle 
compared to Pre-Cycle (Est. = 0.2cm [95% CI: 0.36cm; 0.06cm]. The results showed no 
significant difference in the variability of the other parameters during Post-Cycle compared to 
Pre-Cycle. 
 
4. Discussion 
We show that gaze-shifting while walking has an influence on various gait parameters in young 
and older adults, both on a “global” level (Pre-Cycle walking compared to normal walking) 
and directly when comparing Post-Cycle with the Pre-Cycle gaze shift. Moreover, we found 
an age-specific adaptation of gait patterns in response to gaze-shifting.  
4.1 Gaze shifting effects  
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Both age groups showed different performance during gaze-shifting while walking on the 
treadmill (Table 2).  
A reduction in SL and increase of SF was found in Pre-Cycle walking compared to normal 
walking in the older adults but not the young, whereas both groups reduced SL and increased 
SF during the Post-Cycle compared with the Pre-Cycle. A significant age-related reduction in 
gait velocity and SL was also reported by Menz et al. while walking on an irregular surface 
(Menz, Lord, & Fitzpatrick, 2003), as well as by Singh et al. during walking when turning the 
head (Singh et al., 2017). This observation is possibly associated with a higher risk of falls 
since shorter SL results in less dynamic stability in the forward direction (Hak et al., 2012). 
However, reduced SL seems primarily to be a compensation, as older adults but not the young 
showed a reduction in SL already in Pre-Cycle walking compared to normal walking. Young 
adults might have a sufficiently stable gait that needs no large “preparation” for visual stimuli 
as used in this study. Further, the reduced SL accompanied by increased SF  in the younger 
during Post-Cycle could also reflect a protective adaptation or reaction effect of gait in response 
to a gaze shift in terms of a more cautious gait (Zijlstra, de Bruin, Bruins, & Zijlstra, 2008).   
Surprisingly, the SW during gaze-shift walking was smaller than during normal walking in 
both groups. Visual fixation in this experiment might have had a stronger effect on gait than a 
gaze shift per se since participants were required to gaze at the central LED before and after 
performing gaze shifts. This hypothesis is supported by previous literature: the visual fixation 
on stationary targets has been reported to reduce sway during static balance tasks (Stoffregen, 
Pagulayan, Bardy, & Hettinger, 2000; Taylor, Sutton, Diestelkamp, & Bigelow, 2015). Given 
the fact that an increase in SW may lead to increased lateral stability while walking (Young & 
Dingwell, 2012), our observed narrower base of support during gaze-shift walking compared 
to normal walking could be interpreted as a correlate for an increase in dynamic stability via 
the mechanism of gaze stabilization. The influence of visual fixation of a stationary target on 
dynamic balance is controversially discussed. Specifically, whether fixation increases gait 
stability (Cromwell, Newton, & Forrest, 2002) as it is supported by our findings or rather 
reduces dynamic balance (Thomas, Donovan, Dewhurst, & Bampouras, 2018), is yet unclear 
and so a common understanding is still missing.  
Our finding of the increased mean of SW in the older adults, as a  direct reaction to the gaze-
shifting (i.e. by comparing Pre-Cycle and Post-Cycle) is consistent with a previous study 
(Vallis & Patla, 2004). They found an increased in-phase SW after unexpected head 
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perturbations. This observation might be a compensatory strategy by increasing walking 
stability in the mediolateral direction in older adults (Hak et al., 2012; Hof, van Bockel, 
Schoppen, & Postema, 2007). However, young adults seem to have a more stable gait that does 
not need such a “reactive” strategy after perturbation. Moreover, several studies have described 
an increase of SW variability under challenging conditions, such as treadmill walking, walking 
on an irregular surface, faster gait speed, altered shoe condition, and dual tasking in older adults 
(Grabiner et al., 2001; Owings & Grabiner, 2004; Richardson et al., 2004). As SW variability 
was increased in both groups during the challenging walking condition, this greater SW 
variability might reflect a compensatory strategy to cope with gaze-shift perturbation. 
In this study, gaze-shifting evoked a difference in Min-TC behavior between the two groups. 
Young adults decreased their mean of Min-TC, whereas older adults increased mean and 
variability of Min-TC. Previous studies described no increase in Min-TC by divided attention-
walking in young adults (Santhiranayagam, Sparrow, Lai, & Begg, 2017), However, the 
authors showed a consecutive reduction of Min-TC variability in older adults. The authors 
interpreted this finding as an adaptive strategy to compensate for the increased risk of toe-
ground contact due to lower Min-TC (Santhiranayagam et al., 2017). In addition, Begg et al. 
(Begg et al., 2007) demonstrated that tripping risk can be reduced by either elevating Min-TC 
or reducing Min-TC variability. An age-related increase in Min-TC variability, in the absence 
of an increase in Min-TC, increases the likelihood of tripping (Mills, Barrett, & Morrison, 
2008). Therefore, we suggest that, in this study, the older group might have increased their 
Min-TC during Post-Cycle to compensate for the higher Min-TC variability.  
Moreover, the restricted visual ground control as presented in our experimental setting  (e.g. 
LEDs at eyes level, relatively dark environment) might have caused some gait changes, 
consistent with previous findings (Miyasike-daSilva & McIlroy, 2016). Specifically, older 
adults might have increased their Min-TC as a cautious control strategy to avoid tripping and 
stumbling. It has been shown that older adults have a greater reliance on visual perception 
(Cinelli et al., 2008). Conversely, young adults may have shown higher confidence in their 
ability to maintain balance (M. R. Paquette & Vallis, 2010).   
Consistent with a previous study (Nagano, Begg, Sparrow, & Taylor, 2011), young adults 
increased Max-TC during gaze-shift walking compared to normal-walking, whereas older 
adults decreased Max-TC. This difference could be explained by weaker dorsiflexor muscle of 
older adults compared to the young ones (Nagano et al., 2011; Prince, Corriveau, Hebert, & 
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Winter, 1997). Interestingly, when focusing on the direct reaction after the gaze-shifting, the 
young adults showed a decrease of Max-TC (Table 2), which could reflect a perturbation effect 
on gait.  
Our findings indicate that older adults could maintain balance while gaze-shifting but used a 
different balance strategy compared to young adults. Additional factors in the older adults, such 
as deficits in vestibular-ocular reflex suppression ability (Di Fabio, Greany, Emasithi, & 
Wyman, 2002; P. Di Fabio, 2001), decline in attentional capacity during dual-tasking (Yogev‐
Seligmann, Hausdorff, & Giladi, 2008) and decreased confidence in their ability to maintain 
balance (M. R. Paquette & Vallis, 2010) may have contributed to this difference in gait 
behavior and adaptation.    
4.2 The age effects 
Following age-related observations seem independent of the effect of gaze-shifting, but 
consistent with previous results on age effects on walking in the literature. 
Older adults walked slower and with shorter SL compared to young adults, whereas, SF and 
SW were not affected by age-group. In line with previous studies (Elble, Thomas, Higgins, & 
Colliver, 1991), healthy elderly adapted their speed by taking shorter steps, and not by taking 
more frequent steps, compared to young adults.   
Also consistent with previous studies, older adults walked with lower Max-TC during all 
walking conditions (Elble et al., 1991; Nagano et al., 2011). At Max-TC the swing foot attains 
peak dorsiflexion (Nagano et al., 2011; Winter, 1991) and age-related weaker dorsiflexor 
muscles resulted in decreased Max-TC (Nagano et al., 2011; Prince et al., 1997).  
This is a hypothesis-generating study with a relatively low N of participants. However, 
previous studies found significant differences with a comparable number of participants 
(Chapman & Hollands, 2006; Cinelli et al., 2008; C. Paquette et al., 2006). Moreover, our 
findings have to be translated to persons with specific handicaps and diseases.  
In conclusion, the present setup was able to detect age-specific changes of gait parameters 
during gaze-shift walking. The findings could serve as a basis for the development of specific 
training paradigms for the improvement of oculomotor and locomotor interaction. Whether 
there also exists a bottom-up influence of gait on oculomotor performance is topic of future 
analyses.  
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